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Sir: 

I, Ian MacLachlan, Ph.D., state and declare as follows: 

1 . All statements herein made of my own knowledge are true, and statements 
made on information or belief are believed to be true and correct. 

2. I hold a Ph.D. (1 994) from the University of Alberta, and a Bachelor of 
Science degree (1988) from the University of Alberta. I am presently the Chief Scientific Officer for 
Protiva Biotherapeutics, Inc. (Burnaby, Canada). 

3. My field of expertise is nucleic acid delivery and molecular gene therapy. I 
have authored twenty-five publications in the field of nucleic acid delivery technology, molecular 
gene therapy and molecular genetics, and I am a member of the American Society of Gene Therapy 
and the Science Council of British Columbia, Health Technology Committee. 



4. Attached hereto as Exhibit A is a true copy of my curriculum vitae and a list 
of publications of which I am an author or co-author. 
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5. I have read and am familiar with the contents of the above-referenced patent 
application. In addition, I have read the Final Office Action, mailed September 30, 2004, received 
from the United States Patent & Trademark Office in the above-referenced patent application. It is 
my understanding that the Examiner is concerned that claims 42, 44-61 and 63-75 are anticipated 
under 35 U.S.C. § 102(e) over U.S. Patent No. 5,820,873 ("Choi et air), and that claims 42, 44-61 , 63- 
64 and 67-75 are anticipated under 35 U.S.C. § 102(e) over U.S. Patent No. 5,885,613 ("Holland")- For 
the reasons set forth herein, the Examiner's concerns are overcome. 

6. This declaration is provided to clarify the distinguishing elements of the 
presently claimed invention and to demonstrate that the methods described in Choi et al and 
Holland et al cannot be used to produce the presently claimed nucleic acid-lipid particles. 

7. The presently claimed invention is directed, inter alia, to nucleic acid-lipid 
particles for introducing a nucleic acid into a cell either in vitro or in vivo. More particularly, 
independent claim 42 reads as follows: 

42. A nucleic acid-lipid particle for introducing a nucleic acid into a cell, 
said particle comprising a cationic lipid, a conjugated lipid that inhibits 
aggregation of particles, and a nucleic acid, wherein said nucleic acid is 
encapsulated in the lipid of said particle and is resistant in aqueous solution to 
degradation with a nuclease. 

8. The specification teaches methods of making lipid-nucleic acid particles via 
novel, hydrophobic nucleic acid-lipid intermediate complexes. Manipulation of these complexes in 
either detergent-based or organic solvent-based systems leads to nucleic acid-lipid particles, wherein 
the nucleic acid in the nucleic acid-lipid particles is protected from nuclease degradation. 

9. It is my understanding that Choi et al and Holland et al are cited by the 
Examiner as allegedly disclosing nucleic acid-lipid particles that meet the structural limitations of the 
particles produced by the methods of the instant invention {see, pages 2 and 5 of the Office Action, 
respectively). 

10. I have reviewed the Choi et al and Holland et al patents, and it is my opinion 
that neither Choi et al nor Holland et al teach (or even suggest) a nucleic acid-lipid particle, wherein 
the nucleic acid in the nucleic acid-lipid particle is encapsulated in the lipid portion of the particle and is 
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resistant in aqueous solution to degradation with a nuclease as is recited in claim 42 and, in turn, 
dependent claims 44-75. 

11. A perusal of Choi et al. reveals that the Examples set forth methods for loading 
therapeutic agents, e.g., vincristine, into liposomes. More particularly, Example 9 sets forth the 
following loading (or encapsulation) method: 

The dry lipid was hydrated with 300 mM citrate buffer, pH 4.0. 
Following extrusion, the vesicles (100 mg/mL) were added to a 
solution of vincristine (Oncovin; 1 mg/ml) to achieve a drug:lipid 
ration of 0. 1 : 1 . The exterior pH of the liposome/vincristine mixture 
was raised to pH 7.0-7.2 by titration with 500 mM sodium phosphate 
and immediately the sample was heated to 60°C for 10 minutes to 
achieve encapsulation of the vincristine. 

See, Example 9, column 21, lines 11-18. Example 10 sets forth a similar loading/encapsulation 
procedure for loading vincristine into liposomes (see, Example 10, column 21, line 62 through column 
22, line 9). 

12. The loading/encapsulation methods disclosed in Choi et al are useful for loading 
small molecules (e.g., vinca alkaloids, etc.) into liposomes, but are not useful for loading nucleic acids 
(e.g., oligonucleotides, plasmid DNA, etc.) into liposomes because nucleic acids do not readily cross 
intact lipid membranes. As such, if one were to use the loading/encapsulation methods disclosed in 
Choi et al and were to add external plasmid DNA to preformed liposomes in aqueous buffer, one 
would not expect to see any entrapment of the plasmid DNA in the liposomes. Again, this is because 
nucleic acids do not readily cross intact lipid membranes. 

13. Thus, when Choi et al state that cationic carriers of DNA can be improved 
through the addition of PEG lipids, such as the PEG-ceramide conjugates disclosed and claimed therein, 
Choi et al. are referring to the preformed cationic liposome carriers that are then complexed with DNA 
to form lipoplexes (i.e., nucleic acid-cationic liposome complexes). In fact, the examples provided in 
Choi et al that are directed to such preformed cationic liposomes demonstrate that aggregation of the 
cationic liposomes alone (no DNA) in the presence of serum (most serum proteins carry a net negative 
charge) can be inhibited if the liposomes contain a PEG-ceramide conjugate. Thus, the methods of 
Choi etal are directed to forming nucleic acid-cationic liposome complexes, which are structurally and 
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functionally different from the nucleic acid lipid particles made using the methods of the present 
invention, i.e., nucleic acid-lipid particles wherein a nucleic acid component is encapsulated in the lipid 
component and is resistant in aqueous solution to degradation to nuclease. 

14. A perusal of Holland et al reveals that the teachings provided therein directed to 
the delivery of nucleic acids are essentially the same as those provided in Choi et al More particularly, 
Holland et al states: 

For the delivery of therapeutic agents, the fusogenic liposomes of the present 
invention can be loaded with a therapeutic agent and administered to the 
subject requiring treatment. The therapeutic agents which can be 
administered using the fusogenic liposomes of the present invention can be 
any of a variety of drugs, peptides, proteins, DNA, RNA or other bioactive 
molecules. Moreover, cationic lipids may be used in the delivery of 
therapeutic genes or oligonucleotides intended to induce or to block 
production of some protein within the cell. Nucleic acid is negatively 
charged and must be combined with a positively charged entity to form a 
complex suitable for formulation and cellular delivery. 

Cationic lipids have been used in the transfection of cells in vitro and in 
vivo. . . .The efficiency of this transfection has often been less than desired, 
for various reasons. One is the tendency for cationic lipids complexed to 
nucleic acid to form unsatisfactory carriers. These carriers are improved 
by the inclusion of PEG lipids. 

See, column 12, lines 14-26 of Holland et al. (emphasis added). 

Clearly, as with Choi et al, the teachings of Holland et al are directed to forming 
nucleic acid-cationic liposome complexes , which are structurally and functionally different from the 
presently claimed nucleic acid-lipid particles, wherein the nucleic acid component is encapsulated in the 
lipid component and is resistant in aqueous solution to degradation with a nuclease. 

15. As of the filing date of the Choi et al and Holland et al patents i.e., 1994-1995, 
the state-of-the-art was to prepare cationic liposomes and, then, to complex the preformed cationic 
liposomes with DNA in an aqueous solution to form DNA-cationic liposome complexes {i.e., 
lipoplexes). Given that DNA does not readily cross lipid membranes and that the cationic lipids present 
in the external membrane of the vesicles would electrostatically interact with the negatively charged 
DNA, the mixing of DNA with preformed cationic liposomes in aqueous solution does not result in 
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entrapment of DNA within the internal, aqueous space of the liposomes. Moreover, the lipoplexes 
formed by the methods of Choi et al and Holland et al are ill-defined, are only partially protected from 
nucleases, are heterogeneous in size and are rapidly cleared from the circulation {see, Figure 2 of 
Wheeler et al,Gene Therapy, 6:271-281 (1999); and Figure 1 of Monck et al, 1 Drug Targeting, 
7(6):439-452 (2000), copies of which are attached hereto as Exhibits B and C). 

16. In contrast to the teachings of Choi et al. and Holland et al. , the present 
invention provides novel methods by which nucleic acids (e.g., oligonucleotides, plasmid DNA, etc.) 
are entrapped, i.e., encapsulated, within individual cationic liposomes that include a conjugated lipid, 
such as a PEG-lipid conjugate. As explained in the specification and as set forth in the presently 
pending claims, the PEG-lipid conjugate prevents aggregation of the particles during formation, thereby 
resulting in nucleic acid-lipid particles of a homogeneous and defined size containing nucleic acid that 
is fully encapsulated in the lipid bilayer such that the nucleic acid is completely protected from nuclease 
degradation. This is in stark contrast to the lipoplexes that would be formed based on the cationic 
liposomes of Choi et al. 

1 7. To further demonstrate that the loading/encapsulation methods of Choi et al. and 
Holland et al. do not produce the presently claimed nucleic acid-lipid particles, a series of experiments 
using the methods of Choi et al. and Holland et al. were conducted under my supervision. A lipid 
solution containing a total of 2.22 ^imoles lipid and comprising DOPE:DODAC:PEG-ceramide CI 4 
(82.5:7.5:10 molar percent), was prepared by dissolving these lipids in chloroform. Nitrogen gas 
was used to drive off chloroform to form a lipid film. The lipid film was then hydrated with 2 ml 
phosphate buffered saline (pH 7.4) containing 50 or 100 ng of nucleic acid {i.e., plasmid DNA) to 
generate liposomal samples with drug (i.e., nucleic acid):lipid ratios of 22.5 and 45 ng/|imol. The 
resulting suspension was subjected to 5 rounds of freezing in liquid nitrogen and thawing in a 37°C 
water bath, to increase homogeneity of the resulting multilamellar vesicles. These samples were 
then extruded 10 times through 2 stacked 100 nm polycarbonate filters using a 10-mL Extruder 
(Northern Lipids Inc.) and nitrogen gas at 400-600 psi. Nucleic acid encapsulation was determined 
using membrane-impermeable Picogreen which fluoresces in the presence of plasmid DNA. The 
proportion of nucleic acid encapsulated in the liposomes was determined by measuring the 
fluorescence intensity of the Picogreen before and after the addition of the detergent Triton X-100. 
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Plasmid encapsulation was extremely inefficient at both of the nucleic acid:lipid 
ratios (i.e., as low as 7% and at best only 15%) examined (see, Exhibit D). Moreover, at least 98% 
of the plasmid DNA was lost on the extrusion filters (see, Exhibit D). Particle sizes for all of these 
extruded samples were all considerably larger than 100 nm. These results unequivocally 
demonstrate that the loading/encapsulation methods described in Choi et al and Holland et al do 
not produce liposomes that encapsulate plasmid DNA, i.e., nucleic acid-lipid particles resistant in 
aqueous solution to degradation with a nuclease. 

18. In view of the foregoing, it is my opinion that neither the Choi et al. patent 
nor the Holland et al patent teach (or even suggest) the nucleic acid-lipid particles recited in claims 
42 and 44-75 because neither Choi et al not Holland et al teach (or even suggest) (1) nucleic acid- 
lipid particles, wherein the nucleic acid in the nucleic acid-lipid particles is encapsulated in the lipid 
component of the particle and is resistant in aqueous solution to degradation with a nuclease, or (2) 
methods for making such nucleic acid-lipid particles. Moreover, it has been unequivocally 
demonstrated that the loading/encapsulation methods described in Choi et al and Holland et al do not 
lead to the presently claimed nucleic acid-lipid particles resistant in aqueous solution to degradation 
with a nuclease. 

19. I further declare that all statements made herein of my knowledge are true and 
that all statements made on information and belief are believed to be true; and further that these 
statements are made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that any such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 
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Stabilized plasmid-lipid particles: construction and 
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A detergent dialysis procedure is described which allows 
encapsulation of plasmid DNA within a lipid envelope, 
where the resulting particle is stabilized in aqueous media 
I by the presence of a poly(ethyleneglycol) (PEG) coating. 
' These 'stabilized plasmid-lipid particles' (SPLP) exhibit an 
! average size of 70 nm in diameter, contain one plasmid 
\ per particle and fully protect the encapsulated plasmid from 
digestion by serum nucleases and E. coli DNase I. Encap- 
| sulation is a sensitive function of cationic lipid content, with 
\ maximum entrapment observed at dioleoyldimethylam- 
j monium chloride (DODAC) contents of 5 to 10 mol%. The 
; formulation process results in plasmid-trapping efficiencies 

Keywords: plasmid encapsulation; nonviral gene delivery; it 



of up to 70% and permits inclusion of 'fusigenic' lipids such 
as dioleoylphosphatidylethanolamine (DOPE). The in vitro 
transfection capabilities of SPLP are demonstrated to be 
strongly dependent on the length of the acyl chain con- 
tained in the ceramide group used to anchor the PEG poly- 
mer to the surface of the SPLP. Shorter acyl chain lengths 
result in a PEG coating which can dissociate from the 
SPLP surface, transforming the SPLP from a stable par- 
ticle to a transfectionrcompetent entity, it is suggested that 
SPLP may have utility as systemic gene delivery systems 
for gene therapy protocols. 



delivery; gene therapy; liposomes 



Introduction 

Currently available gene delivery systems for gene ther- 
apy protocols have limited utility for systemic appli- 
cations. Viral systems, for example, are rapidly cleared 
from the circulation, limiting potential transfection sites 
to 'first-pass* organs such as the lungs, liver and spleen. 
In addition, these systems induce immune responses 
which compromise transfection resulting from sub- 
sequent injections. In the case of nonviral systems such as 
plasmid DNA-cationic lipid complexes (lipoplexes), the 
large size and positively charged character of these 
aggregates also result in rapid clearance, and the highest 
expression levels are again observed in first-pass organs, 
particularly the lungs. 1 " 4 Plasmid DNA-cationic lipid 
complexes can also result in toxic side-effects both in 
vitro* and in vivo. 6 

The need for a gene delivery system for treatment of 
systemic disease is obvious. For example, for cancer gene 
therapy there is a vital need to access metastatic disease 
sites, as well as primary tumors. Similar considerations 
apply to other systemic disorders, such as inflammatory 
diseases. The design features for lip id -based delivery sys- 
tems that preferentially access such disease sites are 
increasingly clear. It is now generally recognized that 
preferential delivery of anticancer drugs to tumor sites 
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following intravenous injection can be achieved by 
encapsulation of these drugs in large unilamellar vesicles 
(LUVs) exhibiting a small size (<100nm diameter) and 
extended circulation lifetimes (circulation half-life in mice 
>5 h). 7 " 9 The accumulation of these drug delivery sys- 
tems at disease sites, which includes sites of infection and 
inflammation as well as tumors, has been attributed 
to enhanced permeability of the local vasculature in 
diseased tissue. 10 

A gene delivery system containing an encapsulated 
plasmid for systemic applications should therefore be 
small (<100 nm diameter) and must exhibit extended cir- 
culation life-times to achieve enhanced delivery to dis- 
ease sites. This requires a highly stable, serum-resistant 
plasmid-containing particle that does not interact with 
cells and other components of the vascular compartment. 
In order to maximize transfection after arrival at a disease 
site, however, the particle should interact readily with 
cells at the site, and should have the ability to destabilize 
cell membranes to promote intracellular delivery of the 
plasmid. In this work, we show that a straightforward 
detergent dialysis procedure can produce stabilized plas- 
mid-lipid particles (SPLP) which satisfy the demands of 
plasmid encapsulation, small size and serum stability. 
Furthermore, we show that the transfection properties of 
these systems can be modulated by employing 
poly(ethyleneglycol) (PEG) coatings which can dissociate 
from the SPLP, transforming the particle from a stable 
particle to a transfection-competent entity. 
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Results 

Entrapment of plasmid DNA into lipid particles by 
employing detergent dialysis 

Previous work has shown that incubation of plasmid 
DNA with cationic lipids can result in a hydrophobic par- 
ticle which is soluble in organic solvent. 11 It is of interest 
to determine whether this hydrophobic particle can be 
surrounded by an outer monolayer of lipid, which would 
then result in small, plasmid-containing particles stabil- 
ized in an aqueous medium. Detergent dialysis is a logi- 
cal technique for achieving this, as the detergent may be 
expected to solubilize the hydrophobic plasmid DNA- 
cationic lipid particles. The addition of phospholipid and 
subsequent removal of detergent by dialysis could then 
result in the exchange of the solubilizing detergent 
with phospholipid, leaving particles which are stable in 
aqueous suspension. 

Initial experiments employed the cationic lipid 
DODAC, the plasmid pCMVCAT, the non-ionic deter- 
gent octylglucopyranoside (OGP) and the bilayer-for- 
ming lipid palmitoyloleoylphosphatidylcholine (POPC). 
When DODAC was added to plasmid in distilled water, 
the formation of large (> 1000 nm diameter) precipitates 
was observed. However, the subsequent addition of OGP 
(200 mM) resulted in solubilization of the precipitate, for- 
ming an optically clear suspension consistent with 
' entrapment of hydrophobic plasmid DNA-cationic lipid 
particles within detergent micelles. This optically clear 
quality was maintained when POPC solubilized in OGP 
was added. However, during dialysis to substitute the 
detergent associated with the particles for POPC, exten- 
sive precipitation of the suspension was observed. A 
method to stabilize the plasmid-containing particles 
against aggregation and precipitation during the dialysis 
process was therefore required. 

Previous studies have shown that a PEG coating can 
prevent aggregation of LUVs induced by covalent coup- 
ling of protein to the surface of the LUVs, 12 and can 
inhibit fusion between LUVs, 13 It was therefore of interest 
to determine whether the stabilizing properties of a PEG 
coating could prevent aggregation during dialysis. How- 
ever, the use of the standard PEG-phosphatidylethanola- 
mine (PEG-PE) was contraindicated because the PEG-PE 
molecule bears a net negative charge and could displace 
the cationic lipid from the plasmid, as has been noted for 
other negatively charged lipids. 14 As a result, PEG 200 o was 
linked to ceramide as the hydrophobic anchor to produce 
a neutral molecule. Two ceramide anchors were synthe- 
sized which differed in the length of the ceramide acyl 
chain (CerC H and CerC 20 ). When 10 mol% PEG-CerC 20 
was incorporated in the detergent mixture with POPC, 
DODAC and plasmid DNA, precipitation was not 
observed during detergent dialysis. Further, a proportion 
of the plasmid was encapsulated, as measured by recov- 
ery of DNA after elution on a DEAE-Sepharose CL-6B 
anion exchange column. As shown in Figure la, the 
encapsulation achieved is a sensitive function of the 
DODAC content, with encapsulation levels of 30% or 
higher at about 9% to 12% DODAC. It should be noted 
that addition of plasmid to preformed vesicles with the 
same lipid composition, followed by DEAE chromato- 
graphy, resulted in complete plasmid retention on the 
column. 

These results suggest that SPLP can be produced by 
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Figure 1 Effect of DODAC concentration on the encapsulation efficiency 
of plasmid DNA (pCMVCAT) in SPLP. (a) Lipid composition POPC, 
DODAC and 10 mol% PEG-CerC 20 . (b) Lipid composition DOPE, 
DODAC and 10mol% PEG-CerC 20 . Lipid (Wmg/ml total), dissolved in 
octylglucoside (0.2 m), was mixed with plasmid DNA (50 p.g/ml) in a 
total volume of 1 ml to form an optically clear solution. This was then 
placed in a dialysis tube (12-14 000 molecular weight cutoff) and dialyzed 
against HBS for 36 h at 20* C Encapsulation efficiency was determined 
following removal of unencapsulated plasmid by anion exchange chroma- 
tography, as outlined in Materials and methods. 

detergent dialysis employing a POPC/DODAC/PEG- 
CerC 20 (79:11:10; mol:mol:mol) lipid mixture. However, it 
has been shown that when POPC is employed as a 'help- 
er' lipid in plasmid DNA-cationic lipid complexes, very 
low transfection rates are observed, whereas when 
dioleoylphosphatidylethanolamine (DOPE) is present, 
much higher transfection rates are achieved. 15 The encap- 
sulation properties of DOPE/DODAC/PEG-CerC 20 lipid 
mixtures were therefore investigated. As shown in 
Figure lb, as the DODAC content was varied, an encap- 
sulation profile for DOPE-containing systems similar to 
that obtained for the POPC-containing systems was 
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observed. Significant differences are that maximum 
encapsulation was greater (approximately 70%) for the 
DOPE-containing system and that optimum encapsul- 
ation was observed at about 6 mol% DODAC, compared 
with approximately 9% DODAC for the POPC-containing 
particles. If PEG-CerC 14 was substituted for PEG-CerC 20 
very similar plasmid encapsulation behavior was 
observed. 

In subsequent experiments DOPE/DODAC/PEG-Cer 
formulations were employed containing 6 mol% 
DODAC. For this fixed DODAC content, some batch-to- 
batch variability of encapsulation efficiency (typically 
over the range 50-70%) was observed when different 
batches of plasmid were employed. This variability 
resulted from small changes (up to ±1 mol%) in the 
DODAC concentration required for maximum encapsul- 
ation efficiency for different plasmid batches. Other fac- 
tors which may influence encapsulation efficiency 
' include the amount of the plasmid present and the size 
of the plasmid. The plasmid (pCMVCAT) concentration 
was varied over the range 25 to 400 |xg/ml employing the 
DOPE/DODAC/PEG-CerC 20 (84:6:10; mol:mol:mol) lipid 
mixture at a fixed total lipid concentration of 10 mg/ml. 
Encapsulation efficiencies of more than 50% were achi- 
eved over this range (data not shown). In addition, at 
a plasmid concentration of 400 jxg/ml, similar levels of 
entrapment were observed for plasmids of 4.49 and 10 
kbp in length (data not shown). 

It is important to show that the detergent dialysis pro- 
cess does not inhibit the transfection potential of the 
encapsulated plasmid. In order to test this, the plasmid 
was extracted from SPLP as described in Materials and 
methods. Characterization of the extracted DNA by aga- 
rose gel electrophoresis indicated no DNA degradation 
or plasmid relaxation relative to the starting material. 
Furthermore, the luciferase activity measured in cells fol- 
lowing transfection (mediated by calcium phosphate) 
with plasmid extracted from SPLP was equivalent to the 
activity observed for plasmid which had not undergone 
encapsulation, with activities of 0.44 ± 0.15 ng and 
0.35 ± 0.2 ng, respectively for 0.5 jxg plasmid per well. 



Plasmid DNA in stabilized plasmid-lipid particles is 
protected from DNase I and serum nucleases 
It is important to demonstrate that the 'encapsulated' 
plasmid in the particles obtained by the detergent dialy- 
sis process is, in fact, fully protected from the external 
environment. As a first measure of protection, the ability 
of DNase I to digest plasmid DNA in DOPE-containing 
particles was examined. SPLP were prepared for the 
DOPE/DODAC/PEG-CerC 20 (84:6:10; mol:mol:mol) lipid 
mixture and pCMVLuc (200 |xg/ml). Protection of plas- 
mid in the SPLP was compared to protection of plasmid 
in complexes with DODAC-DOPE (1:1; mol:mol) LUVs 
and to free plasmid. Samples containing 1 jxg plasmid 
were exposed to 0, 100 and 1000 units of DNase I for 
30 min at 37°C. After incubation the plasmid was isolated 
as described in Materials and methods and characterized 
by agarose gel electrophoresis. As shown in Figure 2, free 
plasmid is completely digested by incubation with both 
100 and 1000 units of DNase L The plasmid compiexed 
with cationic LUVs is somewhat protected compared 
with free DNA when exposed to 100 units of DNase I, 
but is almost entirely digested by incubation with 
1000 units. In contrast, plasmid DNA in the SPLP is 
digested only when detergent is added to disrupt the 
SPLP before incubation with DNase I. 

A rigorous test of SPLP stability and protection of 
encapsulated plasmid involves incubation in serum. 
Serum contains a variety of nucleases, and serum pro- 
teins can rapidly associate with lipid systems, 16 resulting 
in enhanced leakage and rapid clearance of liposomal 
systems. The ability of serum nucleases to degrade plas- 
mid is illustrated in Figure 3a. Intact pCMVCAT elutes 
in the void volume of the Sepharose CL-4B column, 
whereas after incubation with mouse serum (90%) at 
37°C for 30 min the plasmid is degraded into fragments 
which elute in the included volume. The behavior of the 
DOPE/DODAC/PEG-CerC 20 (84:6:10; mol:mol:mol) 
SPLP system where non-encapsulated plasmid has not 
been removed is shown in Figure 3b. In this particular 
preparation, 53% of the plasmid DNA elutes with the 
lipid in the void volume and 47% of the DNA, which 
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Figure 2 Stability of free plasmid, plasmid encapsulated in SPLP and plasmid in plasmid DNA-cationic lipid complexes in the presence of DNase I. 
Each of the sample types was subjected to six different protocols, giving rise to six lanes for each sample. These protocols consisted of no exposure to 
DNase I or detergent (lanes 1, 7, 13), exposure to detergent alone (lanes 2, 8, 14), exposure to 100 and 1000 units of DNase I alone (lanes 3, 9, 15 
with 100 units and lanes 5, 11, 17 with 1000 units) and exposure to both detergent and DNase I (lanes 4, 10, 16 with 100 units and lanes 6, 12, 18 
with 1000 units). These experiments utilized 1 fxg of plasmid DNA (pCMVLuc), 1% Triton X-100 and 100 or 1000 units of DNase I These components 
were combined in a total volume of 100 p,l of5mu HBS and 10 mM MgCl z , and Incubated for 30 min at37°C before preparation for gel electrophoresis 
as outlined in Materials and methods. The plasmid DNA-cationic lipid complexes were prepared as indicated in Materials and methods and consisted 
of DODAC.DOPE (50:50; mohmol) LUVs (100 nm diameter) compiexed to plasmid at a 3:1 charge ratio (positive-to-negative). 
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Figure 3 Plasmid in SPLP is protected from serum nuclease cleavage. The 
stability of plasmid (pCMVCAT) in the free form or encapsulated in SPLP 
was determined in the presence of serum. The SPLP (DOPE/DODAC/ 
PEG-CerCm 84:6:10; mohmohmol) were prepared as indicated in the leg- 
end to Figure 1 and contained 14 C-labeled CHE as a lipid marker Samples 
with 5 pig of 3 H-labeled plasmid DNA were incubated in the presence of 
HBS or 90% mouse serum for 30 min at 37° C and eluted on a Sepharose 
CL-4B column equilibrated in HBS. (a) Elution profile of nucleic acid 
resulting from incubation of free plasmid in HBS (%) or 90 % mouse 
serum (O). (b) Elution profile of nucleic acid (•] and lipid (O) following 
incubation of SPLP in 90% mouse serum, (c) Elution profile of nucleic 
acid (0) and lipid (O) following incubation of SPLP with mouse serum 
where unencapsulated plasmid was removed by anion exchange chromato- 
graphy before the serum treatment 

represents degraded plasmid, elutes in the included vol- 
ume. This indicates that 53% of the plasmid is encapsu- 
lated and protected from the external environment, in 
good agreement with a 55% trapping efficiency of this 
sample as determined by DEAE ion exchange chromato- 
graphy. 
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Figure 4 Separation of SPLP from empty vesicles by discontinuous 
sucrose density gradient centrifugation. The solid circles indicate the 
behavior of the 3 H-labeled plasmid (pCMVLuc), whereas the open circles 
indicate the distribution of lipid as reported by the 14 C-labeled CHE lipid 
marker. SPLP (DOPE/DODAC/PEG-CerC 20 ; 84:6:10; mohmohmol) were 
prepared as indicated in the legend to Figure 1, and an aliquot (1.5 ml 
containing approximately 50 \Lg of 3 H-plasmid DNA) was applied to a 
discontinuous sucrose density gradient (3 ml 10% sucrose, 3 ml 2.5% 
sucrose, 3 ml 1% sucrose: all in HBS). The gradient was then centrifuged 
at 160 000 g for 2 h. 

A final test of the stability of the SPLP formulation is 
given in Figure 3c, which shows the elution profile of the 
DOPE/DODAC/PEG-CerC 20 (84:6:10; mol:mol:mol) 
SPLP system following removal of the external plasmid 
by DEAE chromatography and incubation in 90% mouse 
serum (30 min at 37°C). In this case more than 95% of 
plasmid applied to the column eluted in the void volume, 
demonstrating the stability and the plasmid protection 
properties of the SPLP formulation. It should also be 
noted that SPLP containing PEG-CerC 14 , in place of PEG- 
CerC 20 . exhibited similar plasmid protection properties. 

Stabilized plasmid-lipid particles can be isolated by 
density centrifugation 

The detergent dialysis process clearly results in plasmid- 
containing particles where the plasmid is protected from 
the external environment. However, it is likely that 
empty vesicles are also produced, as detergent dialysis 
of lipids (in the absence of plasmid) is well known to 
result in the formation of small lipid vesicles. 17 These 
empty vesicles may be expected to be less dense than 
SPLP. The density gradient profile of a 
DOPE/DODAC/PEG-CerC 20 (84:6: 10; mol:mol:mol) 
SPLP preparation (plasmid-to-lipid ratio of 200 ^g DNA 
to 10 mg lipid) was therefore examined employing 
sucrose density step gradient centrifugation. As shown 
in Figure 4, after centrifugation at 160 000 g for 2 h, the 
encapsulated DNA is present as a band which was 
localized at the 2.5% sucrose- 10% sucrose interface in the 
step gradient. It is interesting to note that less than 10% of 
the total lipid (as assayed by the 3 H-CHE lipid marker) is 
associated with the plasmid DNA, which corresponds to 
55% of the total DNA. The plasmid-to-lipid ratio in these 
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purified SPLP was determined (as indicated in Materials 
and methods) to be 62.5 |xg plasmid per |xmol lipid. It 
was found that SPLP generated by detergent dialysis and 
purified by density gradient centrifugation may be con- 
centrated by dialysis against carboxy methyl cellulose to 
achieve plasmid concentrations of 1 mg/ml or higher. 

Stabilized plasmid-lipid particles exhibit a narrow size 
distribution 

The sizes of the empty lipid vesicles in the upper band 
and the isolated SPLP in the lower band of the sucrose 
density gradient were examined by quasi-elastic light 
scattering (QELS) and freeze-fracture electron 
microscopy techniques. As shown in Figure 5, the QELS 
analysis indicated that the mean diameter of the empty 
vesicles was approximately 44 nm (x 2 = 0.48), whereas the 
isolated SPLP were larger, with a mean diameter of 
75 nm (x 2 = 0.14). Freeze-fracture electron microscopy 
studies gave similar results (Figure 6). A size analysis of 
the particles in these micrographs indicated a size of 
36 ± 15 nm for the empty vesicles and 64 ± 9 nm for the 
isolated SPLP. 
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Figure 5 Size distribution of SPLP and empty vesicles as determined by 
QELS. SPLP were prepared containing pCMVLuc as indicated in the 
legend to Figure 1, and separated from empty vesicles by discontinuous 
sucrose density gradient centrifugation. (a) Size distribution for empty 
vesicles (upper band), (b) Size distribution for SPLP (lower band). The 
sizes were determined by quasi-elastic light scattering using a Nicomp 
(Santa Barbara, CA, USA) model 370 sub-micron particle sizer operating 
in the solid particle mode. 



Figure 6 Freeze-fracture electron microscopy of purified SPLP and empty 
vesicles. SPLP containing pCMVLuc were prepared as indicated in the 
legend to Figure 1 and separated into (a) empty vesicles and (b) SPLP 
employing discontinuous sucrose density gradient centrifugation. The bar 
indicates 200 nm. For details of sample preparation and electron 
microscopy, see Materials and methods. 

In vitro transfection properties of stabilized plasmid-lipid 
particles 

SPLP consisting of DOPE/DODAC/PEG-CerC 20 (84:6:10) 
containing pCMVLuc coding for the luciferase reporter 
gene were prepared for transfection studies. As shown 
in Figure 7, after incubation of these SPLP with COS-7 
cells for 24 h, little if any transfection activity was 
observed. It is probable that the presence of the PEG coat- 
ing on the SPLP inhibits the association and fusion of the 
SPLP with cells in the same manner that PEG coatings 
inhibit fusion between lipid vesicles, 13 and thus inhibit 
intracellular delivery of the encapsulated plasmid. In this 
regard, previous studies 13 on LUVs with PEG coatings 
attached to phosphatidylethanolamine (PE) anchors have 
demonstrated that, for PE anchors containing short acyl 
chains, the PEG-PE can rapidly exchange out of the LUV, 
rendering the LUVs increasingly able to interact and fuse 
with each other. The transfection properties of SPLP con- 
taining PEG-CerC 20 were therefore compared to SPLP 
containing PEG-CerC 14 , which has a shorter acyl chain. 
As shown in Figure 7, after incubation with COS-7 cells 
for 24 h ( the SPLP containing PEG-CerC 14 exhibits sub- 
stantially higher levels of transfection compared with the 
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Figure 7 Effect of PEG-Cer coating of SPLP on transfection activity in 
vitro. Plasmid (pCMVLuc) was encapsulated in SPLP 
(DOPE/DODAC/PEG-Cer; 84:6:10; mol/mol/mol) containing PEG- 
CerC Z o (O) or PEG-CerC l4 (0). Non-encapsulated plasmid was removed 
by anion exchange chromatography, as indicated in Materials and 
methods. The SPLP preparation (1 p,g plasmid) was then added to COS- 
7 cells at a density of 2 x 10* per 24-well plate. The cells were incubated 
with the SPLP for the times indicated, and luciferase activity was meas- 
ured as indicated in Materials and methods. 



system containing PEG-CerC 20 . This is consistent with the 
ability of the PEG-CerC 14 coating to diffuse away from 
the SPLP surface. The SPLP containing either PEG-CerC 14 
or PEG-CerC 20 exerted no apparent toxic effects on the 
cells as evaluated by monitoring protein content in the 
cell extract. 

In order to determine whether the improved transfec- 
tion properties of SPLP containing PEG-CerC I4 as com- 
pared with SPLP containing PEG-CerC 20 could be related 
to a faster dissociation rate from the SPLP surface, the 
dissociation rates at 37°C of radiolabeled PEG-CerC H and 
PEG-CerC 20 from 100 nm diameter large unilamellar ves- 
icles (LUV) composed of egg phosphatidylcholine (EPC) 
were measured as indicated in Materials and methods. It 
should be noted that it is difficult to measure the dis- 
sociation rate of PEG-Cer from the surface of SPLP con- 
taining DOPE as the stability of these SPLP is dependent 
on the presence of the PEG-Cer coating. It was found that 
PEG-CerC 20 dissociated very slowly, with more than 90% 
remaining with the SPLP after 48 h incubation, corre- 
sponding to a half-time for dissociation of t x/2 > 13 days. 
In contrast, PEG-CerC 14 rapidly dissociated from the 
outer monolayer of the LUV with t, /2 = 1.1 ± 0.3 h. 

Discussion 

This study presents a new method of encapsulating plas- 
mid DNA in small, stable particulate systems that may 
find utility as gene delivery vehicles. Of particular inter- 
est are the relationship between properties of SPLP and 
other lipid-based systems containing plasmids, the struc- 
ture of SPLP and the potential utility of SPLP with 
exchangeable PEG coatings. We discuss these areas in 
turn. 

The SPLP protocol for plasmid entrapment allows trap- 
ping efficiencies of up to 70% and results in stable par- 
ticles containing low levels of cationic lipids and high lev- 
els of fusigenic lipids, such as DOPE. These particles are 
small (<100 nm diameter), are resistant to external nucle- 



ases, exhibit high DNA-to-lipid ratios (62.5 |mg/|j,mol) 
and can be concentrated to achieve high plasmid DNA 
concentrations (1 mg/ml). Furthermore, the detergent 
dialysis procedure is a gentie procedure that results in 
little, if any, plasmid degradation. 

These features of SPLP contrast favorably with pre- 
vious plasmid encapsulation procedures. Plasmid DNA 
has been encapsulated by a variety of methods, including 
reverse phase evaporation, 18 " 20 ether injection, 21,22 deter- 
gent dialysis in the absence of PEG stabilization, 20 - 21 lipid 
hydration and dehydration-rehydration techniques 25 " 27 
and sonication, 28-30 among others. The characteristics of 
these protocols are summarized in Table 1. None of these 
procedures yields small, serum-stable particles at high 
plasmid concentrations and plasmid-to-lipid ratios 
in combination with high plasmid-encapsulation 
efficiencies. Trapping efficiencies comparable with the 
SPLP procedure can be achieved employing methods 
relying on sonication. However, sonication is a harsh 
technique which can shear nucleic acids. 31 Size ranges of 
100 nm diameter or less can be achieved by reverse phase 
techniques; however, this requires an extrusion step 
through filters with 100 nm or smaller pore size which 
can often lead to significant loss of plasmid. Finally, it 
may be noted that the plasmid DNA-to-lipid ratios that 
can be achieved for SPLP are significantly higher than 
those achievable by any other encapsulation procedure. 

With regard to the structure of SPLP, any model must 
take into account two important observations. First, SPLP 
form only at a critical cationic lipid content of approxi- 
mately 6 mol%. At higher cationic lipid contents, aggre- 
gation is observed, whereas lower cationic lipid contents 
lead to little or no plasmid encapsulation. Second, pur- 
ified SPLP exhibit a plasmid DNA-to-lipid ratio of 
62.5 ^g/|xmoL For a 4.49 kbp (pCMVCAT) plasmid, this 
corresponds to a plasmid-to-particle ratio of 0.97 for an 
SPLP diameter of 70 nm (the average of the freeze-frac- 
ture electron microscopy and QELS results), assuming a 
lipid molecular area 32 of 0.67 nm 2 and an average nucleo- 
tide molecular weight of 330. It may therefore be con- 
cluded that SPLP contain one plasmid per particle. 

The model that guided the construction of SPLP relied 
on the hypothesis that the plasmid combines with the cat- 
ionic lipid to form a hydrophobic 'inverted micellar' 
structure that is stabilized in aqueous media by the deter- 
gent. In this model the addition of DOPE and PEG-Cer 
and subsequent dialysis results in deposition of a mono- 
layer of DOPE and PEG-Cer around the hydrophobic 
intermediate, resulting in a stabilized plasmid-lipid par- 
ticle. It is instructive to perform some simple calculations 
to see whether this model is consistent with experimental 
observations. In particular, if each negative charge on the 
plasmid has a cationic lipid associated with it, the total 
volume of each hydrophobic plasmid-cationic lipid par- 
ticle can be calculated to be approximately 1.35 x 10 4 nm 3 
for a 4.49 kbp plasmid. This calculation assumes that 
plasmid DNA has a density of 1.7g/ml, the molecular 
weight of each base is 330, and that, as an upper limit, 
the volume per molecule of the cationic lipid is 1.5 nm 3 , 
which is the volume of a liquid crystalline bilayer- 
forming lipid such as dioleoylphosphatidylcholine (lipid 
length 2.2 nm and area per molecule 0.67 nm 2 ). 32 Thus, if 
each SPLP contained one pCMVCAT plasmid completely 
neutralized by associated cationic lipid and arranged in 
a spherical conformation, the predicted diameter would 
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Figure 8 Model of the formation and possible structure of SPLP. The first stage of dialysis is proposed to result in formation of macromolecular lipid 
intermediates, which may be in the form of lamellar sheets, cylindrical micelles or leaky vesicles. 33 - 34 If the cationic lipid content is too low (left panel), 
plasmid does not associate with these intermediates as dialysis proceeds, leading to formation of empty vesicles and free plasmid. At higher cationic lipid 
contents plasmid associates with the lipid intermediates, drawn here as a bilayer sheet wrapped around the plasmid. If the cationic lipid content is at 
a critical level the presence of the plasmid reduces the net positive surface charge of the lipid intermediate to the extent that further association of plasmid 
is inhibited. As dialysis proceeds further, additional lipid would be expected to condense on this structure, leading to formation of a vesicle containing 
encapsulated plasmid, as indicated. In addition, empty vesicles and free plasmid would be expected. At high cationic lipid contents (right panel), the 
surface charge on the lipid intermediate structures is so high that two or more plasmids can associate with a given membrane sheet, leading to the 
formation of large aggregates. 



be approximately 30 nm. The freeze-fracture electron 
microscopy results presented here indicate that SPLP 
containing the pCMVCAT plasmid exhibit a diameter of 
approximately 70 nm, and are therefore too large to be 
composed solely of a plasmid-lipid particle with no 
interior aqueous volume. 

An alternative working model for SPLP formation and 
structure is shown in Figure 8. It is unlikely that plasmid 
associates directly with the micelles, as the presence of 
high levels of detergent may be expected to dilute the 
positive surface charge due to the cationic lipid to the 
extent that electrostatic association is reduced. A prob- 
able first step of the dialysis process is the formation of 
macromolecular lipid intermediates, which may include 
cylindrical micelles, lamellar sheets or leaky vesicles that 
form as detergent is removed. These structures have been 
observed as intermediates in the micelle to vesicle tran- 
sition undergone by dispersions of egg phosphatidylcho- 
line as detergent (OGP) is removed by dialysis. 33 - 34 These 
structures are represented in Figure 8 as lamellar sheets 
by way of example. As shown in the left panel of Figure 
8, low concentrations of cationic lipid would result in 
little association of plasmid with these intermediate 
structures, which is consistent with little or no plasmid 



entrapment following detergent dialysis. At high concen- 
trations of cationic lipid, intermediate structures may be 
expected to associate with the plasmid and, if the cationic 
lipid content is too high, plasmid-iipid-plasmid associ- 
ation could dominate as dialysis proceeds, leading to for- 
mation of aggregates (Figure 8, right panel). 

If the cationic lipid content is at a critical level (Figure 
8, central panel), the positive surface charge on the plas- 
mid-associated intermediates will be reduced below that 
needed to associate with other plasmids, due to charge 
neutralization. This would mitigate against further aggre- 
gation. Further dialysis will result in fusion between 
intermediates eventually to produce empty vesicles or in 
fusion between intermediates and the plasmid-lipid par- 
ticle. Fusion with the particle will result in the deposition 
of excess bilayer lipid, leading to the formation of an 
associated vesicle in the final SPLP. In the structure 
presented, the plasmid is associated with the inner mono- 
layer of the vesicle that is produced as more lipid is 
deposited in the particle. It should be noted that the 
forces driving a partial removal of the plasmid lipid coat 
are not clear, and it is possible that the plasmid resides 
in a hydrophobic domain inside the particle. 

The final area of discussion concerns the potential util- 
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ity of SPLP with exchangeable PEG coatings. As pre- 
viously indicated, the SPLP system has been designed for 
systemic (intravenous) gene therapy applications. This 
places two potentially conflicting demands on the deliv- 
ery system. First, the carrier must circulate long enough 
to achieve accumulation at disease sites, such as tumors, 
by taking advantage of the increased vascular per- 
meability in these regions. Second, the carrier must be 
able to bind to target cells and to destabilize the plasma 
or endosomal membrane after arrival at the disease site 
in order to facilitate intracellular delivery of the enclosed 
plasmid. The first requirement implies a very stable car- 
rier that does not interact with ceils, whereas the second 
requirement necessitates a particle that can bind to 
cells and exhibit a membrane-destabilizing 'fusigenic' 
character. 

PEG coatings that can dissociate from a carrier provide 
a potential solution to these demands. First, the presence 
of a PEG coating allows SPLP to be formed with a large 
proportion of DOPE in the outer monolayer. Previous 
work has shown that DOPE prefers the (non-bilayer) hex- 
agonal H n phase at temperatures above 10°C, 35 and that 
PEG lipids can stabilize DOPE in the bilayer organiza- 
tion. 36 Thus in the absence of the PEG-Cer the SPLP 
would be expected to be highly unstable and fusigenic. 
The detergent dialysis procedure therefore allows an 
intrinsically fusigenic plasmid-containing particle to be 
formed, where the stability of the particle is dependent 
on the presence of the PEG coating. As demonstrated 
here, these particles are stable in the presence of DNase 
I, as well as serum nucleases, consistent with an ability 
to protect encapsulated DNA in the circulation. In 
addition, the small size and presence of the PEG coating 
would be expected to promote the extended circulation 
life- times required to achieve preferential accumulation 
at disease sites such as tumors following intravenous 
administration. 

The stability of the SPLP would, however, be expected 
to mitigate against uptake and intracellular delivery of 
the plasmid. The use of PEG coatings that dissociate from 
the SPLP after arrival at a disease site provides a poten- 
tial solution to this problem. This is supported by the in 
vitro results presented here, which show that a PEG- 
CerC 20 coating, which has a long residence time in lipid 
bilayers, exhibits poor transfection properties, whereas 
improved transfection is observed for the SPLP contain- 
ing a PEG-CerC 14 coating, which can dissociate from lipid 
bilayers more rapidly. 

In summary, this study presents a method for encapsu- 
lating plasmid DNA in particulate systems that have the 
properties of small size, high plasmid-to-lipid ratio and 
high content of fusigenic lipid, and that can be concen- 
trated to achieve high plasmid concentrations. These 
SPLP are stabilized by the presence of a PEG coating that 
can be designed to dissociate, thus increasing the trans- 
fection potency of the SPLP. It is expected that these sys- 
tems will find utility as delivery systems for systemic 
gene therapy. 

Materials and methods 

Materials 

Dioleoylphosphatidylethanolamine (DOPE) was obtained 
from Northern Lipids (Vancouver, BC, Canada). The 



lipids l-0-(2'-(w-methoxypolyethyleneglycol) succinoyl)- 
2-N-myristoylsphingosine (PEG-CerC 14 ) and l-0-(2'-(co- 
methoxypolyethyleneglycol) succinoyl)-2-N-arachidoyl- 
sphingosine (PEG-CerC 20 ) were synthesized as described 
elsewhere, 37 and dioleoyldimethylammonium chloride 
(DODAC) was kindly provided by Dr S Ansell (Inex 
Pharmaceuticals). Octylglucopyranoside (OGP), HEPES 
and NaCl were obtained from Sigma (St Louis, MO, 
USA). The plasmid pCMVCAT (4490 bp, coding for the 
chloramphenicol acyl transferase gene) was originally 
obtained from Dr K Brigham (Vanderbilt University, 
Nashville, TN, USA). The plasmid pCMVLuc (5650 bp, 
coding for the luciferase reporter gene) was provided by 
Dr P Tarn (Inex Pharmaceuticals). All reporter genes were 
under the control of the human CMV immediate-early 
promoter-enhancer element. 3 H-cholesteryl hexadecyl 
ether (CHE) and I4 C-CHE were obtained from Mandel 
Scientific (Guelph, ON, Canada). Mouse serum was 
obtained from CedarLane (Mississauga, ON, Canada). 
Dialysis tubing (SpectraPor 12 000 to 14 000 mwco) was 
obtained from Fisher Scientific (Ottawa, ON, Canada), 
DEAE-Sepharose CL-6B column from Sigma, E. coii 
DNase I from Life Technologies (Mississauga, ON, 
Canada) and the luciferase assay kit from Promega 
(Madison, WI, USA). 

Preparation of plasmids 

Plasmid DNA was transformed into E coli strain DH5a 
by electroporation. Plasmid DNA was then isolated from 
E. coli by alkaline lysis 38 followed by anion exchange 
chromatography (according to the manufacturer, Qiagen, 
Santa Clarita, CA, USA) or CsCl gradient centrifug- 
ation. 39 DNA was precipitated and dissolved in pyrogen- 
free water for formulation with lipids. 

Radiolabeled 3 H-plasmid DNA was isolated from an 
E. coli JM101 strain bearing pCMVp, pCMVCAT or 
pCMVLuc. Briefly, cultures were grown in supplemented 
minimal media (M9 salts with 0.1% thiamine, 1% glucose, 
100 ^g/ml ampicillin) to mid log phase. Ten mCi of 
81.9mCi/mmol tritiated thymidine (Mandel Scientific) 
was added, then the cultures were allowed to grow for 
a further 12-16 h. Plasmid DNA was isolated by alkaline 
lysis and anion exchange chromatography, as described 
above. 

Encapsulation of plasmid DNA 

Plasmid DNA (50-400 |xg) was incubated with DODAC 
in 500 of 0.2 m octylglucoside, 150 mM NaCl, 5 mM 
HEPES pH 7.4 for 30 min at room temperature. The plas- 
mid-DODAC mixture was then added to DOPE and 
PEG-CerCn or PEG-CerC 20 dissolved in 500 jxl of 0.2 m 
OGP; 150 mM NaCl, 5 mM HEPES pH 7.4. The total lipid 
concentration was either 5 or lOmg/ml with DOPE: 
DODAC;PEG-Cer at molar ratios of 84:6:10, unless other- 
wise indicated. The plasmid-lipid mixture was dialyzed 
against 5 mM HEPES in 150 mM NaCl pH 7.4 (HBS) for 
36 to 48 h with two buffer changes. Non-encapsulated 
plasmid was removed by anion exchange chromato- 
graphy on a DEAE-Sepharose CL-6B column (1x4 cm). 
To determine the encapsulation efficiency, a 50- aliquot 
of each sample was loaded on to a DEAE-Sepharose CL- 
6B column (1 ml) equilibrated with HBS. The column was 
eluted with HBS and the fractions were assessed for 3 H- 
plasmid and 14 C-lipid by scintillation counting. 
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Isolation of encapsulated plasmid by sucrose density 
gradient centrifugation 

The fractions from the DEAE column containing co-elut- 
ing lipid and plasmid were pooled and equal volumes 
were applied to the top of a discontinuous sucrose gradi- 
ent in 12.5 ml ultracentrifuge tubes. The gradient was for- 
med with 3 ml each of 10% sucrose, 2.5% sucrose and 1% 
sucrose in HBS layered consecutively from bottom to top. 
The gradients were centrifuged at 160 000 g for 2 h at 
20°C and separated into aliquots (250 jxl) removed from 
top to bottom. The fractions were assayed for 3 H-plas- 
mid and 14 C-CHE by dual-label scintillation counting. 
The lipid encapsulated plasmid DNA banded tightly at 
the interface between 2.5% and 10% sucrose, while the 
unassociated lipid was present as a smear from the top 
of the gradient to the interface between 1% and 2.5% 
sucrose. It was found that the isolated SPLP could be con- 
centrated by dialysis against 500 000 molecular weight 
carboxymethyl cellulose (Aquacide II; Calbiochem, San 
Diego, CA, USA) in a 12 000-14 000 molecular weight 
cut-off dialysis tube. When the desired volume was 
reached, the formulation, was transferred into a new 
dialysis bag and dialyzed overnight against HBS to adjust 
the NaCl concentration to 150 mM. 

Freeze-fracture electron microscopy 
Freeze-fracture was performed on a Balzers Freeze-Etch- 
ing system, BAF 400D (Balzers, Lichtenstein). Samples 
were cryoflxed in the presence of 25% glycerol by plung- 
ing them into liquid freon 22. The fractured surface was 
shadowed unidirectionally with platinum/carbon (45°) 
and coated with carbon (90°) immediately after fractur- 
ing. Replicas were analyzed using a Jeol model JEM 1200 
EX electron microscope Qeol, Montreal, QC, Canada). 

Serum stability assay 

SPLP formulations were assayed for serum stability in 
the presence of 90% mouse serum in vitro. A 50 |xl aliquot 
was added to 450 \xA mouse serum and incubated at 37°C 
for 30 min. The sample was then loaded on to a 
Sepharose CL-4B column and eluted with HBS, pH 7.4. 
The fractions were analyzed for 3 H-plasmid and the lipid 
label 14 C-CHE. 

Determination of DNase I stability 

Three sets of samples were exposed to DNase I digestion, 
including naked plasmid DNA, plasmid complexed with 
DOPEiDODAC vesicles and SPLP. Plasmid-cationic lipid 
complexes were prepared by mixing 500 jxl plasmid 
(pCMVLuc, 0.5 mg/ml) in 5% glucose with 500 |xl DOD- 
AGDOPE (1:1) 100 nm diameter LUVs (0.9 mM lipid) 
prepared by the extrusion method 40 in 5% glucose. This 
corresponds to a lipid-to-DNA charge ratio (positive-to- 
negative) of 3. The resulting solution was incubated at 
room temperature for 30 min before DNase I treatment. 
For the DNase digestion, samples (free plasmid, plasmid- 
lipid complex, encapsulated plasmid) containing 1 |mg of 
DNA were incubated with 0, 100 or 1000 units of DNase 
I in a total volume of 100 jxl of 5 mM HEPES, 150 mM 
NaCl, 10 mM MgCl 2 pH 7.4 in the presence or absence of 
1.0% Triton X-100. After incubation at 37°C for 30 min, 
the DNA was isolated by adding 500 |xl of DNAzol (Life 
Technologies) followed by 1.0 ml of ethanol. The samples 
were centrifuged for 30 min at 20 000 g in a tabletop 
microfuge. The supernatant was decanted and the DNA 



pellet was washed twice with 80% ethanol and dried. The 
DNA was dissolved in 30 jxl of TE buffer and analyzed 
by agarose (1.0%) gel electrophoresis in TAE buffer. 

In vitro transfection 

COS-7 cells and 293 cells were grown at 37°C, 5% C0 2 
in complete media consisting of T7,5 flasks in Dulbecco's 
modified Eagle's medium (DMEM; Life Technologies) 
and 10% fetal bovine serum (FBS; Intergen, Purchase, 
MA, USA). Transfections were performed in the presence 
of cell culture media when the cells were 60-70% conflu- 
ent. The plasmid (pCMVLuc) formulations were diluted 
in complete medium to give 0.5 fig DNA/ml. The cells 
were incubated in the presence of the plasmid formu- 
lations for up to 120 h and assayed for lucif erase activity. 
Calcium phosphate-mediated transfection with plasmid 
extracted from SPLP was performed as follows. Plasmid 
(0.1-1 |xg) in 50 (jlI 0.25 m CaCl 2 was slowly added to 
50 jxl HBS, and the resulting precipitate was added to 
293 cells. Following incubation for 2 days at 37°C, the 
luciferase activity was determined. 

Luciferase assay 

Luciferase assays were performed using the Promega 
Luciferase Assay System reagent kit (Promega El 501) 
according to the manufacturer's instructions. Cell lysates 
were assayed for luciferase activity using a Dynex Tech- 
nologies ML3000 microplate luminometer (Dynex Tech- 
nologies, Ghentilly, VT, USA). Luminescence readings 
were calibrated according to a standard curve obtained 
using a Photinunus pyralis luciferase standard (Boehringer 
Mannheim, Laval, QC, Canada; 634 409). 

PEG-Cer dissociation rates 

The dissociation rates of 3 H-PEG-CerC 14 and 3 H-PEG- 
CerC 20 from EPC LUV using EPC multilamellar vesicles 
(MLV) as a 'sink*. The LUV were prepared containing 
10 mol% PEG-Cer and a trace of 14 C-CHE ( 3 H/ 14 C ratio 
approximately 5) by detergent dialysis as described 
above for SPLP. MLV were prepared by hydration of 
EPC in HBS (250 mg/ml) at 65°C. The MLV were washed 
five times in HBS by centrifugation (2 min at 12 000 g) to 
remove any small vesicles. LUV (1 mg lipid) were mixed 
with 125 mg MLV to give a final volume of 1.5 ml and 
incubated at 37°C. At different time intervals, 100 jxl of 
the mixture were transferred into 0.5 ml ice-cold HBS and 
the MLV pelleted by centrifugation. The LUV in the 
supernatant were analyzed for 3 H-PEG-Cer and 14 C- 
CHE and the 3 H/ 14 C ratio plotted as a function of time. 

Acknowledgements 

Studies at UBC were supported by Inex and by the Natu- 
ral Sciences and Engineering Research Council of Canada 
under the Collaborative Research and Development Pro- 
gram. Ian MacLachlan is a Postdoctoral Fellow of the 
Medical Research Council of Canada. We thank A 
Annuar, J Thompson and C Giesbrecht (Inex 
Pharmaceuticals) for provision of plasmid and 
Drs S Ansell and Z Wang (Inex Pharmaceuticals) for pro- 
vision of DODAC and PEG-ceramides, respectively. We 
also thank Dr K Wong (Department of Biochemistry and 
Molecular Biology, UBC) for performing the freeze-frac- 
ture EM studies. 



Stabilized plasmid-lipid particles 

JJ Wheeler ef al 



References 

1 Huang L, Li S. Liposomal gene delivery: a complex package. 
Nature Biotech 1997; 15: 620-621. 

2 Ternpleton NS et al Improved DNA:liposome complexes for 
increased systemic delivery and gene expression. Nature Biotech 
1997; 15; 647-652. 

3 Hofland HJ et al. In vivo gene transfer by intravenous adminis- 
tration of stable cationic lipid /DNA complex. Pharmaceut Res 
1997; 14: 742-749. 

4 Thierry AR et al. Systemic gene therapy; biodistribution and 
long-term expression of a transgene in mice. Proc Natl Acad Sci 
USA 1995; 92: 9742-9746. 

5 Harrison GS et al Optimization of gene transfer using cationic 
lipids in cell lines and primary human CD4 + and CD34 + hemato- 
poietic cells. Biotechniques 1995; 19: 816-823. 

6 Li S,' Huang L. In vivo gene transfer via intravenous adminis- 
tration of cationic iipid-protamine-DNA (LPD) complexes. Gene 
Therapy 1997; 4: 891-900 

7 Profitt RT et al. Liposomal blockade of the reticuloendothelial 
system: improved tumor imaging with small unilamellar ves- 
icles. Science 1983; 220: 502-505. 

8 Gabizon A, Papahadjopoulos D. Liposome formulations with 
prolonged circulation time in blood and enhanced uptake by 
tumors. Proc Nati Acad Sci USA 1988; 85: 6949-6953. 

9 Chonn A, Cullis PR. Recent advances in liposome drug delivery 
systems. Curr Opin Biotech 1995; 6: 698-708. 

10 Kohn S, NagyJA, Dvorak HF, Dvorak AM. Pathways of macro- 
molecular tracer transport across venules and small veins. Struc- 
tural basis for the hyperpermeability of tumor blood vessels. Lab 
Invet 1992; 67: 596-607. 

11 Reimer DL ef al Formation of novel hydrophobic complexes 
between cationic lipids and plasmid DNA. Biochemistry 1995; 34; 
12877-12883. 

12 Harasym TO et al. Poly (ethyleneglycol) -modified phospholipids 
prevent aggregation during covalent conjugation of proteins to 
liposomes. Bioconj Chem 1995; 6: 187-194. 

13 Holland JW, Hui C, Cullis PR, Madden TD. Poly 
(ethyleneglycol) -lipid conjugates regulate the calcium-induced 
fusion of liposomes composed of phosphatidylethanolamine 
and phosphatidylserine. Biochemistry 1996; 35: 2618-2624. 

14 Xu Y, Szoka FC. Mechanism of DNA release from cationic 
liposome/DNA complexes used in cell transfection. Biochemistry 
1996; 35: 5616-5623. 

15 Farhood H t Serbina N, Huang L. The role of dioleoylphosphati- 
dylethanolamine in cationic liposome mediated gene transfer. 
Biochim Biophys Acta 1995; 1235: 289-295. 

16 Chonn A, Semple SC, Cullis PR. Association of blood proteins 
with large unilamellar liposomes in vivo. Relation to circulation 
lifetimes. J Biol Chem 1992; 267: 18759-18765. 

1 7 Mimms LT et al. Phospholipid vesicle formation and transmem- 
brane protein incorporation using octylglycoside. Biochemistry 
1981; 20: 833-840. 

18 Fraley R t Subramani S, Berg P, Papahadjopoulos D. Introduction 
of liposome-encapsulated SV40 DNA into cells. J Biol Chem 1980; 
255: 10431-10435. 

1 9 Soriano P et al Targeted and nontargeted liposomes for in vivo 
transfer to rat liver cells of a plasmid containing the preproinsu- 
lin I gene. Proc Nad Acad Sci USA 1983; 80: 7128-7131. 

20 Nakanishi M et al. Efficient introduction of contents of liposomes 
into cells using HVJ (Sendai virus). Exp Cell Res 1985; 159: 
399-409. 

21 Fraley RT, Fornari CS. Kaplan S. Entrapment of a bacterial plas- 
mid in phospholipid vesicles: potential for gene therapy. Proc 
Natl Acad Sci USA 1979; 76: 3348-3352. 

22 Nicolau C, Rottem S. Expression of a ^-lactamase activity in 
Mycoplasma carpicolum transfected with the liposome-encapsu- 



lated E. coli pBR32 plasmid. Biochem Biophys Res Commun 1982; 
108: 982-986. 

23 Stavridis JC et al. Construction of transferrin-coated liposomes 
for in vivo transport of exogenous DNA to bone marrow erythro- 
blasts in rabbits. Exp Cell Res 1986; 164: 568-572. 

24 Wang C-Y, Huang L. pH-sensitive immunoliposomes mediate 
target cell-specific delivery and controlled expression of a foreign 
gene in mouse. Proc Natl Acad Sci USA 1987; 84: 7851-7855. 

25 Lurquin PF. Entrapment of plasmid DNA by liposomes and 
their interactions with plant protoplasts. Nucleic Acids Res 1979; 
6: 3773-3784. 

26 Alino SF et al. In vivo delivery of human alpha 1 -antitrypsin gene 
to mouse hepatocytes by liposomes. Biochem Biophys Res Com- 
mun 1993; 192: 174-181. 

27 Baru M, Axelrod JH, Nur I. Liposome-encapsulated DNA- 
mediated gene transfer and synthesis of human factor IX in 
mice. Gene 1995; 161: 143-150. 

28 Jay DG, Gilbert W. Basic protein enhances the incorporation of 
DNA into lipid vesicles: model for the formation of primordial 
cells. Proc Natl Acad Sci USA 1987;. 84: 1978-1980. 

29 Puyal C. Milhaud P, Bienvenue A, Philippot JR. A new cationic 
liposome encapsulating genetic material. A potential delivery 
system for polynucleotides. Eur J Biochem 1995; 228: 697-703. ^ 

30 Ibanez M et al Spermidine-condensed DNA and cone-shaped 
lipids improve delivery and expression of exogenous DNA 
transfer by liposomes. Biochem Cell Biol 1997; 74: 633-643. 

31 Ausubel F etal (eds). Preparation and analysis of DNA. In: Short 
Protocols in Molecular Biology, 3rd edn. John Wiley: New York, 
1995, ppAl-A58. 

32 King GI, Jacobs RE, White SH. Hexane dissolved in dioleoylleci- 
thin bilayers has a partial molar volume of approximately zero. 
Biochem J 1985; 24: 4637-4645. 

33 Ollivon M, Eidelman O. Blumenthal R, Walter A. Micelle-vesicle 
transition of egg phosphatidylcholine and octylglucoside. 
Biochem J 1988; 27: 1695-1703. 

34 Vinson PK, Talmon Y, Walter A. Vesicle-micelle transition of 
phosphatidylcholine and octylglucoside elucidated by cryo- 
transmission electron microscopy. Biophys J 1989; 56: 669-681. 

35 Cullis PR, de Kruijff B. The polymorphic phase behaviour of 
phosphatidylethanolamines of natural and synthetic origin. 
Biochim Biophys Acta 1978; 513: 31-42. 

36 Holland JW. Cullis, PR, Madden TD. Poly (ethyleneglycol)- lipid 
conjugates promote bilayer formation in mixtures of non-bilayer 
forming lipids. Biochemistry 1996; 35: 2610-2617. 

37 Webb MS et al. Comparison of different hydrophobic anchors 
conjugated to poly (ethyleneglycol): effects on the pharmacoki- 
netics of liposomal vincristine, (submitted). 

38 Birnboim HC, Doly J. A rapid alkaline extraction procedure for 
screening recombinant plasmid DNA. Nucleic Acids Res 1979; 7: 
1513-1522. 

39 Sambrook J, Fritsch EF, Maniatis T. Extraction and purification 
of plasmid DNA. In: Ford N, Nolan C, Ferguson M (eds). Mol- 
ecular Cloning, 2nd edn. Cold Spring Harbor Laboratory Press: 
New York, 1989, pp 1,38-1.39. 

40 Hope MJ, Bally MB, Webb G. Cullis PR. Production of large 
unilamellar vesicles by a rapid extrusion procedure: characteriz- 
ation of size, trapped volume and ability to maintain a mem- 
brane potential. Biochim Biophys Acta 1985; 812: 55-65. 

41 Cudd A, Nicolau C. Intracellular fate of liposome-encapsulated 
DNA in mouse liver. Analysis using electron microscope auto- 
radiography and subcellular fractionation. Biochim Biophys Acta 
1985; 845: 477-491. 

42 Szelei J, Duda E. Entrapment of high molecular mass DNA mol- 
ecules in liposomes for the genetic transformation of animal 
cells. Biochem J 1989; 259: 549-553. 

43 Monnard P-A. Oberholzer T, Luisi P. Entrapment of nucleic 
acids in liposomes. Biochim Biophy Acta 1997; 1329: 39-50. 



Q 



Jounal ofDrvg Topta* 20* Vol 7. No. 6, p* 4JW52 © 2000 OPA <Ov«m Publisbcn AuodtfM *V. 

Rcprinti tYiiUMe dbvcfy from ita pablixte Pttbbbed by fcenw under 

Phococcpyi* pornittd by Bctma only tbo Hatwood Acada* Fub&bcn tntprint. 

put of The Oonloo ud Btcacb PubUdncj Group. 

Printed bt Msltyn. 



Q 



Stabilized Plasmid-Lipid Particles: Pharmacokinetics 
and Plasmid Delivery to Distal Tumors following 
Intravenous Injection 

M.A.MONCK^ 1 ,A.MORI b4,1 i D.LEE t ,P.TAM w , J.J. WHEELER 8 - 5 , 
P.R. CULLIS a ' b and P. SCHERRER 1 *** 
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b Department of Biochemistry and Molecular Biology, University of British Columbia, 
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(Received 22 June 1999; Revised 25 October 1999: In final form 8 November 1999) 

A previous study has shown that plasmid DNA can be encapsulated in lipid particles 
(SPLP, "stabilized plasmid lipid particles") of approximately 70 run diameter composed 
of l t 2-dioleoy]-3-pbosphatidyl^thanolamine (DOPE), the cationic lipid N,N-dioleoyl- 
N , N-dime thy 1 ammonium chloride (DODAC) and polyethylene glycol) conjugated to 
ceramide (PEG-Cer) using a detergent dialysis process (Wheeler etal. (1999) Gene Therapy 
6, 271-281). In this work we evaluated the potential of these SPLPs as systemic gene 
therapy vectors, detennining their pharmacokinetics and the biodistribution of the plas- 
mid and lipid components. It is shown that the blood clearance and the biodistribution of 
the SPLPs can be modulated by varying the acyl chain length of the ceramide group used as 
lipid anchor for the PEG polymer. Circulation lifetimes observed for SPLPs with PEG- 
CerCu and PEG-CerCa were f 1/2 = ~ 1 and ~10h, respectively. The SPLPs are stable 
while circulating in the blood and the encapsulated DNA is fully protected from 
degradation by serum nucleases. The accelerated clearance of SPLPs with PEG-CerCu 
is accompanied by increased accumulation in liver and spleen as compared to PEG-CerC2o 
SPLPs. Delivery of intact plasmid to liver and spleen was detected. Significant 
accumulation (approximately 10% of injected dose) of the long circulating SPLPs with 
PEG-CerCx) in a distal tumor (Lewis lung tumor in the mouse flank) was observed fol- 
lowing iv application and delivery of intact plasmid to tumor tissue at approximately 6% 
injected dose/g tissue is demonstrated 
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Abbreviations: CHE, cholesteryl hexadecyl ether, Choi, cholesterol; DODAC, N,N-dioleoyi- 
N^N-dimethylammonium chloride; DOPE, U*so-dk)leoyl-3-phosphau'dyktbanolaaiine; 
POPC, 1-palraitoyl, 2-oleoyl-sn-phosphatidylcholine; EPC, egg phosphatidylcholine; 
HBS, 20 mM HEPES in 150 mMNaClpH 7.4; HEPES, 4K2-hydroxyetbyl)-l- 
piperazmeethanesulfonic acid; LUV, large unilamellar vesicles); MWCO, molecular weight 
cutoff; OGP, octytghicopyranoside; PEG-CerC,*, 1-O^w-niethoxypolyetbyIeneglycoO 
succmoyl>2-N : myristoylsphiagosine; PEG-CerC^, 1 -O-p-Cw-methoxypolyeUiylenegrycol) 
sutxinoy^2-N-arachidoylsphingo$iiie; PS, pnosphatidylserine; SPLP, stabilized plasmid 
lipid particles; TAE, electrophoresis buffer (40 mM Tris acetate pH 8.5; 2 mM EDTA); 
RES, reticuloettdothelial system; TE buffer, 10 mMTris-ClpH 8.0 and 1 mM EDTA 



INTRODUCTION 

The limitations of the currently available gene 
delivery systems for systemic application are widely 
recognized. Viral systems are rapidly cleared from 
the circulation limiting potential target sites to 
"first-pass" organs such as lung, liver and spleen. 
In addition, these systems elicit immune responses 
compromising the effectiveness of subsequent injec- 
tions (Worgall et al, 1997). The most common non- 
viral delivery system, the plasmid DNA-cationic 
lipid complexes (lipoplexes) carry an overall positive 
charge which results in rapid clearance from the 
circulation by the reticuloendothelial system (RES) 
following systemic administration in vivo (Mori 
et al., 1998) limiting potential transfection sites to 
these ,l first-pass w organs (Hofland et al., 1997; Lew 
et aL, 1995; Templeton et al, 1997; Thierry et al, 
1995; Huang and Li, 1997). Furthermore, lipoplexes 
tend to form large aggregates (> 300nm in diam- 
eter) which become trapped in the capillary beds of 
the lung (Yang and Huang, 1998). Therefore, the 
highest expression levels are usually observed in 
the lung (Hofland et al, 1997; Barron et al., 1998; 
Hong et al, 1997; Feigner et al. t 1995), while 
expression levels in other organs are typically more 
than one magnitude lower. In addition, the bioavail- 
ability of the plasmid is compromised since a large 
amount of the plasmid DNA in lipoplexes is 
degraded in the blood due to cleavage by serum 
nucleases (Wheeler et al., 1999). 

The characteristics of lipoplexes are potentially 
useful for gene delivery to lung tissue, for example, 



but are clearly unsuitable for delivery to a distal 
tumor site. Pharmacokinetic studies of liposomes 
have shown that small ^ 100 nm diameter lipo- 
somes, which exhibit an extended circulation half- 
life accumulate preferentially at sites of disease 
including inflammation, infection and tumors. Such 
liposomes evade rapid removal from the circulation 
in vivo due to their small size and low surface charge 
(Allen and Chonn, 1987; Allen et cd. f 1989; Gabizon 
and Papahadjopoulos, 1988; 1992). Inclusion of a 
PEG coating can also enhance the circulation 
lifetimes considerably. As much as 10% of the 
injected dose/g of tumor tissue of liposomes with 
PEG coating has been detected in tumors following 
systemic application (Allen and Chonn, 1987; 
Gabizon and Papahadjopoulos, 1992). This sug- 
gests that a small (~ 100 nm diameter) lipid-DNA 
particle with a PEG coating, in which the DNA is 
protected or hidden from the membrane surface 
and which presents an overall low surface charge 
should have the characteristics necessary for deliv- 
ery to a tumor site in vivo. In this regard it was 
recently shown that plasmid DNA can be encapsu- 
lated in small stabilized lipid particles (SPLP) by 
a detergent dialysis method (Wheeler et al, 1999). 

Here, we determined the pharmacokinetics of 
these SPLPs following iv application. Clearance 
from the blood and biodistribution of SPLPs is 
shown in two normal mouse strains (CD-I and 
BDF-1) and in BDF-1 tumor-bearing mice. The 
pharmacokinetics can be modulated by varying 
the lipid composition. Protection of the plasmid in 
the SPLP from degradation by serum nucleases in 
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the blood is demonstrated. Accumulation in first- 
pass organs particularly in the lung is significantly 
reduced with SPLPs that exhibit circulation long- 
evity. Most importantly it is shown that iv admin- 
istration of SPLPs results in delivery of high levels 
of intact plasmid to a distal tumor site. 

MATERIALS AND METHODS 
Materials 

Dioleoylphosphatidylethanolamine (DOPE) was 
purchased from AvantJ Polar Lipids Inc. (AL, 
USA). The lipids l-0-(2Xw-methoxypolyethyl- 
eneglycol) succinoyl)-2-N-myristoylsphingosine 
(PEG-CerC 14 ) and 14-(2'<w-methoxypolyethyl- 
eneglycol) suctinoyl>2-N-aracbidoylsphiBgosine 
(PEG-CerC^) were synthesized as described else- 
where (Webb et al, 1998), and dioleoyldimethyl- 
ammonium chloride (DODAC) was kindly 
provided by Dr. S. Ansell (Inex Pharmaceuticals 
Corp.). 3 H and l4 C labeled cholesteryl hexadecyl 
ether ( 3 H-CHE and I4 C-CHE) were purchased from 
Mandel Scientific (Guelph, Ont, Canada). Octyl- 
glucopyranoside (OGP), DEAE-Sepharose CL-6B, 
HEPES and Nad were obtained from Sigma 
Chemical Co. (St. Louis, MO, USA). The plasmid 
pCMVCAT (4490 bp, coding for the chloramphe- 
nicol acyl transferase gene) under the control of 
the human CMV immediate early promoter- 
enhancer element was originally obtained from 
Dr. K. Brigham (Vanderbilt University, Nashville, 
TN, USA). The plasmid was prepared as previously 
described (Birnboim and Doly, 1979; Sambrook 
et al, 1989a) and the supercoiled plasmid isolated on 
a cesium chloride gradient and dialyzed against 
ultrapure distilled H 2 0. The DNA was precipitated 
and dissolved in pyrogen-free water (1 mg/ml) for 
formulation with lipids. Mouse serum was obtained 
from CedarLane (Mississauga, Ont., Canada). 
Dialysis tubing (SpectraPor 12,000- 14,000 mwco) 
was obtained from Fisher Scientific (Ottawa, Ont, 
Canada), PicoGreen™ from Molecular Probes 
(Eugene, OR, USA). All other chemicals were 
reagent grade. 



Preparation of Lipld-DN A Complexes 

Vesicles of 100 nm diameter composed of DOPE/ 
DODAC (50 : 50 mol%) were prepared by an extru- 
sionmethod described elsewhere (Hope et aL, 1985). 
Briefly, lipids dissolved in CHCI 3 were combined 
(5mg total lipid) and dried to a lipid film under a 
stream of nitrogen gas. Any remaining CHCI3 was 
removed by lyophfltzatJon. The lipid was hydrated 
in 1 ml of HEPES Buffered Saline solution (HBS; 
20 mM HEPES, 150 mM NaCl,pH7.4), subjected 
to 5 freeze-thaw cycles and extruded through two 
100 nm pore diameter polycarbonate filters. Lipid- 
DNA complexes were then prepared by mixing 
the appropriate quantity of plasmid ( pCMVCAT) 
with the lipid vesicles to give a charge ratio (±) 
of Ill- 
Preparation and Isolation of SPLPs by 
Detergent Dialysis 

The SPLPs were prepared by a detergent dialysis 
method as outlined previously (Wheeler et al., 
1999). Briefly, DODAC and the "other lipid" species 
(DOPE, Choi and PEG^eramide, C14 : 0 or C20 : 0) 
were aliquotted into two separate test tubes from 
benzene : methanol (95 : 5) stock solutions to give 
the desired lipid ratio (5 or 10 mg/ml final lipid 
concentration) and the solvent removed by freeze- 
drying under high vacuum. Plasmid DNA (200 ug) 
was added to DODAC dissolved in 500ul0.2M 
octylglucopyranoside (OGP) in HBS (20 mM 
HEPES in 150 mM Nad pH 7.4). The "other lipids" 
were dissolved in 500 ul 0.2 M OGP in HBS and 
mixed with the DODAC-DNA suspension. The 
volume was adjusted to 1 ml with HBS and the 
mixture was dialyzed against 2 1 HBS for 48 h with 
two buffer changes. Non-encapsulated plasmid 
was removed by anion exchange chromatography 
(DEAE-Sepharose CL-6B column, 1 x 4cm). The 
sample was eluted with HBS, placed in a dialysis 
bag and embedded in aquacide to concentrate to 
the desired volume. Following concentration the 
sample was dialyzed overnight against HBS to 
adjust the salt concentration. 3 H-CHE, 14 C-CHE 
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and 3 H-DNA were added as lipid and plasmid 
markers where appropriate. 

Animal Studies 

The SPLP preparations (200 ul) were injected into 
the lateral tail vein of CD-I or BDF-1 mice and the 
animals sacrificed by C0 2 suffocation at the desired 
time points post-injection. Blood was collected 
into microtainer tubes following cardiac puncture, 
organs were harvested and tissues were homoge- 
nized by procedures described elsewhere (Parr et al, 
1997). 

Lewis lung cells were grown in tissue culture using 
methods described elsewhere (Parr et al, 1997). 
Approximately 300,000 Lewis lung carcinoma cells 
(ATCC CRL- 1642) were injected subcutaneously 
into the left hind flank of BDF-1 mice and tumors 
were allowed to grow for 14 days. The appropriate 
formulations (200 ul) were then injected into the 
lateral tail vein and the animals sacrificed at the 
desired time points post-injection. Blood collection 
and tissue harvesting were performed as described 
above. 

Analysis of Lipid and Plasmid BiodistriburJon 

Tissue homogenates were analyzed for 3 H-plasmid 
and M C-Lipid. Aliquots of tissue homogenates 
(200 ul of liver, 300 ul of, heart, lung and kidney; 
400 ul of spleen and 200 uJ of tumor as appropriate) 
were placed in scintillation vials and 500 ul Solvable 
(Packard, Meriden, CT) added to each vial. Follow- 
ing overnight incubation at 60°C 500 ul distilled 
H 2 0 was added to the samples with vortex mixing 
and the color was bleached by addition of up to 
200 ul hydrogen peroxide. Scintillation cocktail 
(5 ml Picofluor; Packard, Meriden, CT) was added 
to the sample, incubated at room temperature in the 
dark overnight and counted the following day. 
Appropriate corrections were made to account for 
the lipid and DNA background levels in the 
vasculature of the various organs. 



Determination of Encapsulated DNA by the 
PicoGreen™ Fluorescence Assay 

Plasmid encapsulation was evaluated by measur- 
ing the accessibility of the DNA-interchelating dye 
PicoGreen™ to plasmid at an excitation wave- 
length of 485nm and emission wavelength of 
525nm (Aminco Bowman Series 2 Luminescence 
Spectrometer, SLM-Aminco, Urbana, IL). Typi- 
cally 5 ul of PicoGreen was added to 1 ml of 
sample containing 0.2-1 .0 ug plasmid. Plasmid 
encapsulation efficiency was calculated as 
£(%) = (7 0 - l)lk * 100 where / and 7 0 refer to the 
fluorescence intensities before and after the addi- 
tion of Triton X-100 (final concentration 0.4%, 
v/v). Triton X-100 dissolves the SPLP exposing 
the encapsulated plasmid to the dye. Fluorescence 
intensities in the absence of PicoGreen were used 
as background references. The plasmid contents of 
formulations before and after DEAE column 
chromatography were determined by this assay. 
A standard curve was obtained using known 
quantities of the plasmid of interest in the presence 
and absence of Triton X-100 (Note, Triton did not 
affect the fluorescence intensity of the dye.) This 
assay was linear for up to 1 ug of double-stranded 
DNA. 



Characterization and Quantification of 
Plasmid DNA in Tissue Extracts 

Aliquots (100 ul) of homogenized tissue were added 
to 0.5mlDNAzol in an Eppendorf tube, mixed 
gently by Averting, the tubes were topped up with 
95% ethanol and incubated at 4°C overnight. 
Samples were centrifuged at ~ 10,000 x g for 15 min, 
the supernatant was discarded and lOOul of TE 
was added. The sample was kept at 4°C for 
2-3 days with occasional agitation to allow the 
DNA to dissolve. Ten microliter aliquots of dis- 
solved DNA were analyzed by Southern and dot 
blot hybridizationmethods according to (Sambrook 
etal., 1989b). 
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RESULTS 



Formulations 



Two SPLP formulations with different lipid com- 
position were made. The major lipid constituents 
were POPC and cholesterol (PC/Chol-SPLP) or 
the fusogenic lipid DOPE (DOPE-SPLP). In both 
cases the particles were stabilized with 10% PEG- 
ceramide. Particles were characterized for their size 
and encapsulation efficiencies achieved To obtain 
high plasmid entrapment with the different lipid 
compositions adjustments in the cationic lipid 
concentration were necessary. Optimal encapsula- 
tion was observed for PC/Choi SPLPs (40-50% 
plasmid encapsulation) with 12% DODAC 
(DODAC/POPC/Chol/PEG-CerCzo, 12/38.7/39.8/ 
9.5 mol%) and for DOPE-SPLPs (60-70% encap- 
sulation) with 6% DODAC (DODAC/DOPE/ 
PEG-CerC2o,6/84/ 10 mol%). The particle size in 
both formulations was approximately 100 nm with 
75 ± 34 nm for DOPE-SPLPs and 1 18 ± 45 nm for 
PC/Chol-SPLPs as measured by dynamic light 
scattering. Further characterizations of SPLPs are 
outlined in detail elsewhere (Wheeler etaL, 1999). 

Plasmid Protection In SPLPs 

An important aspect of a delivery system designed 
for systemic application is its ability to retain its 
payload in an intact form during circulation. The 
integrity of the SPLPs was tested by detennining the 
protection of the plasmid from degradation by 
serum nucleases. The different preparations (free 
plasmid, plasmid complexed with DOPE/DODAC 
LUVs, DOPE-SPLP and POPC/Chol-SPLP) were 
incubated in 90% mouse serum at 37°C for up to 5 h 
and the plasmid DNA characterized by Southern 
hybridization analysis. The percentage of intact 
DNA as a function of incubation time is shown in 
Fig. 1. Over 80% of the encapsulated plasmid in 
both SPLP preparations remained intact following 
a 5 h incubation period. However, free plasmid and 
plasmid complexed to DODAC/DOPE LUVs was 
degraded completely within 1 h. 




Time (h) 

FIGURE 1 Protection of plasmid in DOPE-SPLP and 
POPC/Chol-SPLP from serum nucleases. Free ohsmid (♦), 
plasmid complexed with DODAC/DOPE vesicles (■), 
DOPE-SPLP (•) and POPC/Chol-SPLP (A) was incubated m 
90% (v/v) normal mouse serum at 37°C for the rime intervals 
as indicated. Following mcubatkm the plasmid was extracted 
using DNAzol and characterized by Southern hybridization 
analysis. Data are presented as percentage of intact DNA 
remaining (time O 100%) and plotted as a function of i 
nation nme. 



' mcu- 



Clearance and BlodlstributJon of SPLPs 
In vivo is Modulated by the PEG Anchor 

Considerable circulation retention in vivo is neces- 
sary in order to achieve accumulation of SPLPs 
in a distal tumor (Gabizon and Papahadjopoulos, 
1988). Previous studies have shown that circulation 
longevity can be achieved with liposomes coated 
with PEG (Parr et al, 1997). However, the presence 
of the PEG coating is expected to inhibit the 
association and fusion of the SPLPs with cells in 
a similar manner to the inhibition of fusion between 
LUVs by PEG coatings (Holland et ai., 1996). In 
that study it was shown that LUVs containing PEG 
linked to a lipid anchor with short acyl chains that 
permits exchange of PEG out of the LUVs, will 
become increasingly tuogenic with the loss of PEG. 
Here, we studied the effect of PEG anchored to 
ceramide of different acyl chain lengths (CerC M and 
CerC2o) on the clearance of the SPLP. As shown in 
Fig. 2(a) POPC/Chol-SPLPs containing PEG- 
CerC M exhibit an extended circulation lifetime 
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(f 1/2 ~ 10 h) whereas SPLPs with PEG-CerC M are 
cleared rapidly (f I/2 ~ 1 h). The clearance profile 
observed for PE-SPLPs with PEG-CerC u (data 
not shown) and PEG-CerC 20 (Fig. 4(a)) were 
similar to the corresponding PC/Chol-SPLPs. 

The different circulation longevity of the SPLPs 
is reflected in the lipid accumulation in the organs 
as summarized in Table I. Particles with the shorter 
hydrophobic anchor PEG-CerC l4 are cleared 
mainly by the liver which accounts for ~ 50% of 
the injected dose at the 1 h time point Accumulation 
in the spleen at this time is approximately 2% of 
injected dose. Only minute levels of the lipid marker 



were detected in lung, heart and kidney. For 
particles with PEG-CerC^ approximately 20% 
and 1% of the injected lipid dose appeared in the 
liver and spleen respectively, at the 1 h time point 
Again negligible amounts of the labeled lipids were 
detected in other organs. 

Integrity of Plftsmid In SPLP In the Circulation 

The clearance properties of the SPLPs based on 
a lipid marker alone do not provide information 
about the stability of the particle and its payload. 
To evaluate the integrity of the plasmid inside the 
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FIGURE 2 Clearance of POPC/ChoUSPLP stabilized with PEG-CerC M and PEGOiC* ^ blood w mjecd^ 

WP^otsPLP^th PbSSZcmW) and POPC/Chol-SPLP with PEG-CeiC^i) were nyected mto CD-I mice at a dbse 
POKVaol-SPLP with McTwere sacrificed 1, 4, 12 and 24 h following inaction, Plasma samples were analyzed 

function of lime. The plasmid dose was estimated based od encapsulation efficiency. 



TABLE 1 Btodbtribution of POChol-SPLP in CD-I mice 



LipM-DNA 



Time % Injected dose 



particle post-injection (h) pl>anl (SD) Spiea ffD) Liver (SD) Lung(SD) Heart (SD) Kidney (SD) 

gDtn - „ 1 TOSMXt 0.96 (0.78) 21.23 (Ml) 0.29(034) 0.58 (0.19) -0.06 (0.08) 

SPLP-CerC* JJOg * WJ(M9) 0 . g6(a20) 0.46(0.10 

, SSU **m '«•«('•"> °- 3J < 0M > W9(006) • " 

J ,8.46 (2.14) 1-5(0.19) 23.J7 (6.16) 0.21(0.26) 053(0.12) Ul (0.14) 

„,or^ i 47 18(884) 1.22(0.8) 48.03 (2.13) 1.11(0.48) 0.44(078) 0.16(0.2$) 

I 7.20(2.68) 2.07 (039) 48.61 (12.59) 0.37(0.07) 0.18 (0.06) 0.66 010) 

£ 2.17(0.84) 1.99 (0.46) 55-39 (7.59) 0.39(0.10) 0-14(0.05) Mtflffl 
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particles during circulation, plasmid DNA recov- 
ered from blood samples at various times following 
injection were analyzed by Southern blot hybridi- 
zation methods. The amount of intact plasmid 
decreases over time and as shown in Fig. 2(b), the 
plasmid clearance profile reflects the lipid clearance 
from the blood. Intact plasmid was detected in 
the plasma of mice injected with PC/Chol-SPLPs 
with PEG-CerCu and PEG-CerC*) even 24 h after 
administration (see Fig. 3). This clearly indicates 
that plasmid is retained in the SPLPs and is fully 
protected from degradation by serum nucleases. 

The DOPE-SPLPs exhibit similar stability and 
plasmid protection as PC/Chol-SPLP (Fig. 4). In 
this case, radiolabeled lipid ( 14 C-CHE) and DNA 
( 3 H-Plasmid) were used to follow the fete of the 



respective components. The DNA to lipid ratio in 
the samples remained constant (~ 1) at all time 
points (Fig. 4(b)) suggesting stable particles and 
retention of plasmid in the circulation. Southern 
hybridization analysis confirmed the integrity of the 
DNA (see below for BDF-1 mice, Fig. 6). 

DOPE-SPLP Biodistribution and 
Delivery of Intact Plasmid to Organs 

The tissue accumulation of DNA and lipid from 
DOPE-SPLPs with PEG-CerQo is sunimarized in 
Table II. We find that both lipid and plasmid levels 
in the spleen are consistently low. The amount 
of lipid detected in the liver increases slowly ovct 
the 24 h period (24% of injected dose after 24 h), 




FIGURE 3 Integrity of plasmid in the SPLP recovered from 
the blood after iv injection of SPLP. Southern hybridization 
analysis of plasmid DNA recovered from the blood of CD-I 
mice I, 4, 12 and 24 h following injection of (a) POPC/Chol- 
SPLP with PEG-CwCm and (b) POPC/Chol-SPLP with 
PEG-CerCu- The plasmid was recovered from plasma sam- 
ples using DMAzol and assayed by Southern hybridization. 




FIGURE 4 Clearance of DOPE-SPLP from Wood follow- 
ing iv injection. DOPE-SPLP (2 mg ,4 C4pid;30|ig 3 H-DNA) 
was injected into CD-I mice. Mice were sacrificed 5 mm, 1, 2, 
5, 13 and 24 h after injection. Plasma samples were analyzed 
for radioactivity ( 3 H-DNA and ,4 C-lipids) by scintillation 
counting. Data are expressed as percent injected dose of lipids 
(■) and plasmid (#) remaining in (he plasma and plotted as 
a function of time in (a). The DNA to lipid ratio (% dose/% 
dose) as a function of time is plotted in (b). 
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TABLE 11 Biodistriburion of ftfrDNA encapsulated in [ u Cl-DOPE-SPLP (CerCa) in CP-1 mice 



Time 



Marker 



% Injected dose 



Blood 



Spleen 



Liver 



Lung 



Heart 



Kidney 



Total 



5 min 



lb 



2b 



5h 



13h 



24b 



[ ,4 q 

[ j hm I4 ci 

t 3 H] 

[ l4 q 
l ,4 q 

[W 4 q 

[ J HJ 

[ l4 q 
[ J H] 

[ l4 q 

[ 3 H]/[ ,4 q 

[ 3 HJ 

[ ,4 q 

Ml l4 Q 



98.7 (1.2) 
98.7 (1.0) 

1.000 (0.003) 
80.6 (10) 
94.4 (4.7) 

0.8SS (0.028) 
173 (6.7) 
93.4 (4.1) 

0.827 (0.039) 
57.4 (12) 
71.9 (3.5) 

0.797 (0.078) 

30.0 (1.9) 
42.6 (4.0) 

0.706 (0.023) 
13.2 (4.4) 

17.1 (5.7) 
0.768 (0.004) 



0.0 (0.0) 
0.0(0.0) 

0.4 (0.6) 
0.0(0.2) 

1.2(0.9) 
0.0 (02) 

1.3 (0.2) 
0.3 (0.2) 

U (0.2) 
1 J (0.1) 

1.1 (0.2) 
2.1 (0.2) 



1.5 (0.0) 
0.1 (0.4) 

2.6 (0.4) 
3.7(0.1) 

2.9 (1.4) 
5.9 (1.1) 

2.6 (I J) 
9.0 (2.0) 

3.0 (OS) 
18.0(23) 

3.5 (02) 
23.5 (2.4) 



0.1 (0.3) 
03 (0.1) 

0.6(0.1) 
0.5 (0.1) 

0.5 (0 J) 
0.7 (0.2) 

0.5 (02) 
0.8 (0.3) 

0.4(0.1) 
0.7(0.1) 

0.5 (0.1) 
0.6(0.1) 



1.9(0.1) 
1.9(0.0) 

1.2(0.1) 
1.2(0.1) 

1.2(0.3) 
1.1 (03) 

0.8 (0.3) 
0.8 (03) 

0.6 (03) 
0.6(03) 

0.5 (0.0) 
0,5 (0.1) 



0.0(0.0) 
0.0(0.0) 

0.2 (0.5) 
0.0 (02) 

0.2 (03) 
0.0(0.0) 

0.7 (03) 
03 (03) 

1.2(0.5) 
1.6 (0.4) 

1.4(0.2) 
3.1 (0.7) 



102.0 (0.5) 
101 a (0.7) 

85.7 (2.1) 
99.6 (4.9) 

833 (6.7) 
101.0 (5.1) 

63.2 (6.6) 
83.2 (3.4) 

36.5 (2.0) 

64.8 (2.0) 

20.2 (4.6) 

46.9 (3-0) 



however, the amount of plasmid detected at all time 
points .remains at approximately 3-4% of the 
injected dose. This probably reflects the relative 
rates of degradation of the 3 H-plasmid and C- 
CHE in the liver over time. To investigate this 
possibility further we characterized the plasmid 
DNA extracted from the liver and spleen. For this 
study SPLPs with PEG-CerC» 4 were chosen since 
they showed the highest accumulation in the liver 
and spleen. Tissues derived from animals treated 
with PC/Chol-SPLPs containing PEG-CerCw 
were examined by Southern hybridization analysis 
(Fig. 5(a)). Clearly, significant quantities of intact 
plasmid were detected in the liver and spleen at all 
time points. In the liver, plasmid DNA appears to be 
degraded very quickly over time while in the spleen 
the degradation occurs at a much slower rate 
(Fig. 5(b)). This is consistent with the results from 
the SPLPs labeled with radioisotopes only shown 
above. A similar plasmid distribution was also 
observed for DOPE-SPLPs withPEG-CerCw, thus 
the Southern Blot and the DNA profile shown 
in Fig. 5 are representative of the fate of plasmid 
DNA delivered by the SPLPs. 



Pharmacokinetics of SPLPs in Normal and 
Tumor-Bearing BDF-1 Mice 

The murine fibrosarcoma line and mouse model 
were chosen largely for the high degree of vascular- 
ization of the tumor in vivo and since tumor prop- 
agation in BDF-1 mice has been shown previously 
to be highly successful (Harasym ef a/., 1997). 
SPLPs with PEG-CerCw were used for these studies 
as they exhibited the most extended circulation 
lifetimes (Figs. 2 and 4). The pharmacokinetics for 
DOPE-SPLP and PC/Chol-SPLP with PEG- 
CerCjo were determined in non-tumor bearing and 
tumor-bearing BDF- 1 mice and compared to that of 
free plasmid and plasmid complexed to DODAC/ 
DOPE LUVs. 

In normal BDF- 1 mice the SPLP are cleared from 
the circulation at a similar rate as in CD-I mice. As 
an example, the clearance profile for DOPE-SPLPs 
is shown in Fig. 6. Blood samples were analyzed 
for intact plasmid at different time intervals follow- 
ing injection by Southern hybridization analysis. 
As observed previously in CD-I mice (Fig. 4) 
plasmid and lipid were removed from the blood 
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FIGURE 5 Southern hybridization analysis of plasmid 
DNA extracted from spleen and liver. CD-I mice were in- 
jected iv with POPC/Chol-SPLP with PEG-CerC M and sacri- 
ficed 1, 4, 12 and 24 h post-injection. Plasmid was extracted 
from spleen and liver homogenates and analyzed by Southern 
hybridization (a). In (b) the amount of intact plasmid recov- 
ered in liver (I) and spleen (#) is plotted for different time 
points following' injection. 

concomitantly. The biodistribution for DOPE- 
SPLPs and PC/Chol-SPLPs are summarized in 
Table III for the 1 and 24 h time points post-injec- 
tion and compared to DODAC/DOPE-plasmid 
complexes and free plasmid. Accumulation in the 
liver and spleen are listed separately while for the 
lung, heart and kidney it is combined together as 
"others" since the SPLP accumulation in these 
organs was consistently niimmal. As was expected, 
the DODAC/DOPE-plasmid complexes were 
cleared almost completely from the blood, prirnarily 
by the liver, within 1 h following injection. The two 
encapsulated formulations, however, maintained 
their integrity in the blood with approximately 
60% and 86% of PC/Chol-SPLP and DOPE- 
SPLP, respectively, remaining after 1 h and between 
10% and 20% after 24h with approximately an 
equivalent amount of intact plasmid. 




Ttm*(h) 

FIGURE 6 Plasma clearance of DOPE-SPLP in BDF-1 
mice. DOPE-SPLP was injected into normal BDF-I mice at 
30 jig plasmid DNA per mouse. Mice were sacrificed st 
0.1,05,0.5,1.2, 5, 10,24 h after injection. Plasma samples were 
analyzed for *H-labded lipid by scintillation counting, Plasmid 
DNA was recovered from the plasma using DNAzol and as- 
sayed by Southern hybridization analysis. Data are expressed 
as percent of injected dose of lipid (■) and intact plasmid (#) 
remaining in the plasma and plotted as a function of time after 
injection (a> Bars represent SD (n = 3). The DNA to lipid ratio 
(% dose/% dose) as a function of time is plotted in (b). 

Delivery of Intact Plasmid to a Subcutaneous 
Lewis Lung Carcinoma 

The pharmacokinetics of the DOPE-SPLPs in 
BDF- 1 mice bearing a Lewis lung carcinoma in the 
left hind flank (Fig. 7(a)) appears to be similar to 
that in non-tumor bearing animals. Accumulation 
of remarkably high levels of lipid (10% of injected 
dose) and intact plasmid (6% of injected dose) were 
observed in the tumor over the first 10 h following 
bolus injection into the lateral tail vein (Fig. 7(b)). 
Approximately 4% of the plasmid dose was still 
detected 24 h following injection. 

The accumulation of lipid and plasmid of 
DOPE-SPLPs in tumor was compared to the 
accumulation obtained with PC/Chol-SPLPs and 
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TABLE 1 11 BKxfettibution of dtffaeni liposomal formulations with plasmid DNA in normal BDF-I mice" 
PUsmid formulation b * 



Plasmid DNA 



Plasma 



3 H-Lipid 



Plasma 


Liver 


Spleen 


n/a 


n/a 


n/a 


n/a 


n/a 


n/a 


3i(U) 


43.5 (0.4) 


.4.1 (0.6) 


3.3(2.5) 


45.8(3.5) 


4.1 (1.0) 


85.9(2.1) 


2.7 (OJ) 


OJ (0.0) 


11.0(3.3) 


23.0 (2J) 


2.1 (0.1) 


59.5 (6.0) 


21.0 (li) 


1.9(0.3) 


23.2(6.0) 


29.4(5.4) 


2.2(0.8) 



Others 0 



I 

24 
I 

24 
I 

24 

(D) POKXhol^ODAOPEG-Cer (Cm) SPLP J 



(A) Free plasmid DNA 

(B) DOPE/DODACLUVs 

(Q DOPE/DODAOPEG-Cer (Cm) SPLP 



2.4 (U) 
1.5(0.4) 
2.3 (0.9) 
2.8 (0.2) 
82.9 (6.9) 
15.7 (0.3) 
69J (27.2) 
14.5 (2.2) 



n/a 

a/a 
3.7(0.4) 
2.4 (03) 
1.7(02) 
1.6(0.1) 
1.6(0.4) 
1.6 (0.4) 




FIGURE 7 Tumor accumulation of and plasma clearance 
of DOPE-SPLP in BDF-I mice bearing Lewis lung tumor. 
Mice were seeded with tumor cells and after 14 days injected 
with DOPE-SPLP at a dose of 30 ug plasmid DNA and 
~ 2mg lipid. Animals were sacrificed I, 3, 10 and 24h post- 
injection. Plasma samples (a) and tumor tissue (b) were ana- 
lyzed for *H-lipids by scintillation counting and for intact 
plasmid by Southern hybridization analysis. The amount of 
lipid (■) and intact plasmid (#) recovered from tumor tissue 
and blood are given as percent injected dose and plotted as a 
{unction of time following injection. 



DODAC/DOPE-plasmid complexes (Table IV). 
The amount of intact plasmid detected in the tumor 
for PC/Chol-SPLPs (4.4% ± 0.7%) 10 h post- 
injection was not significantly different to that for 
DOPE-SPLPs (6.1% ± 0.7%). Only trace amounts 
of plasmid (< 0.1%) were detected in the tumor 
following injection of DOPE/DODAC-plasmid 
complexes. The percentage of SPLPs remaining 
in the circulation 10 h post-injection was lower for 
PC/Chol-SPLPs. However, this is likely due to 
differences in the lipid dose injected The lipid dose 
was lower for the PC/Chol-SPLPs than for the 
DOPE-SPLPs and probably resulted in a some- 
what faster clearance, similar to the liposomal 
clearance rates previously reported for different 
lipid doses (Oja ef al. 1996). The apparent accumu- 
lation of plasmid and lipid diverge over time and 
could reflect the processing of the SPLP in tumor 
tissue indicating a fester metabolism of the plasmid 
as compared to the lipid. 



DISCUSSION 

The primary objective of this study was to develop 
a gene delivery system for systemic application that 
results in preferential accumulation at disease sites 
such as inflammation or tumor. It has been demon- 
strated previously that the delivery of anti-cancer 
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Plasmid formulation b 



% Injected dose" 


Tumor 




Plasma 




Plasmid DNA 


Lipid 


Plasmid DNA 


Lipid 


0.1 (0.3) 
0.1 (0.4) 
6.1 (0.7) 
4.4 (0.7) 


n/a 

1.1 (Oi) 
10.2 (0.9) 
5J (0.7) 


0.0 (0.4) 
ao (0J) 
37.9 (4,5) 
9.9 (3.7) 


n/a 
2.5(0.3) 
31.5 (1.1) 
14.6(1.3) 



(A) Free plasmid DNA 

(B) DOPE/DODACLUVs 

(Q DOPE/DODAC/PEG-Cer (C20) SPLP 
(D) POPOChol/DODAC/PEG-Cer (Q0) SPLP 



presented as percentages of injected dose per gram tissue. 



drugs to tumor tissue can be achieved with carrier 
systems where the drug of interest is encapsulated 
in 100 nm diameter liposomes (LUVs). These 
vesicles evade uptake by the RES resulting in 
extended circulation lifetimes and have been 
shown to accumulate at tumor sites (Gabizon and 
Papahadjopoulos, 1988; 1992; Allen and Hansen, 
1991). The increased accumulation was attributed 
to enhanced permeability of the tumor vasculature 
allowing extravasation of small particles into the 
surrounding tissue (Wu et al, 1993; Hobbs et al, 
1998; Monsky et fl/., 1999). Based on these observa- 
tions, (he following requirements are expected for 
a lipid based plasmid delivery system targeting these 
disease sites: (I) extended circulation lifetime, 
(H) small size of approximately 100 nm, (III) highly 
stable particles providing full protection of the 
plasmid from degradation by serum nucleases, 

(IV) particles able to interact with and enter into 
target cells upon arrival at the disease site and 

(V) efficient intracellular delivery of plasmid. 
Presently, the favored delivery systems for gene 

transfer are viral systems since they best address the 
latter two requirements. The engineered viruses are 
efficient at transferring foreign genes into cells, 
however, they are highly immunogenic and conse- 
quently of limited use particularly for repeat sys- 
temic application. The most widely used non-viral 
gene delivery systems are DNA-lipid complexes 
formed by mixing plasmid DNA with lipid vesicles 
(SUVs or LUVs) composed of a cationic lipid 



derivative and DOPE as a helper lipid. The com- 
plexes formed are capable of transporting the 
plasmid across cell membranes achieving delivery 
into a wide spectrum of cells in vitro, a process 
known as lipofection. The major drawbacks of these 
systems are their tendency to aggregate in serum, the 
short circulation lifetime and (he limited protection 
of the plasmid from degradation by serum nucleases 
(Fig. 1) (Lew et al, 1995; Mahato et al.. 1995). The 
fast clearance of the DNA-lipid complexes from the 
blood is not surprising since charged particles are 
known to bind serum proteins targeting (hem for 
removal by the phagocytic cells of the RES (Allen 
et al, 1984; Ilium and Davis, 1983; Chorm et al., 
1991; 1992; Semple et a/., 1998). Furthermore, large 
complexes and aggregates can be trapped in the lung 
capillaries. The latter will result in an extended 
exposure of the lung endothelial bed to DNA-lipid 
complexes and is most likely the reason for the pre- 
ferential transfection observed in the lung following 
iv administration of these complexes (Templetor. 
etal., 1997; Liu et al, 1997). 

This paper addresses me first three requirements; 
of a plasmid delivery system to access disease sites 
as discussed above. The strategy was to encapsulate, 
the DNA inside a lipid shell forming DNA-lipid 
particles of ~100nm diameter in order to achieve 
extended circulation lifetimes as well as protection 
of the plasmid DNA. The PEG-lipid derivatives 
included in our SPLP play a key role in attaining 
these desired features. Initially the PEG lipid 
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stabilizes the particles containing a high concentra- 
tion of the fusogenic lipid DOPE. Following injec- 
tion into the blood stream PEG shields the positively 
charged lipid DODAC, required for efficient encap- 
sulation, from interactions with serum proteins 
known to cause rapid clearance of lipid vesicles 
(Semple et al, 1998). LUVs with GM1 (Allen and 
Chonn, 1987; Gabizon and Papahadjopoulos, 1988) 
or PEG-PE (Allen et al, 1991; Parr et of., 1994) 
amphiphiles included in the membrane were shown 
to exhibit extended circulation times by success- 
fully avoiding uptake by the RES. A potential 
drawback of the polymer coating of the particles is 
a reduced particle-cell surface interaction, which is 
necessary to induce cellular uptake. Therefore, a 
polymer coating was designed that dissociates from 
the particles over time. It was expected that these 
polymer-coated carriers could initially evade uptake 
by the RES resulting in prolonged circulation 
lifetime and leading to accumulation at disease 
sites. Following exchange of the polymer from the 
carrier, cellular uptake can then occur. Inclusion of 
PEG-PE in these SPLPs was not considered, pri- 
marily because its negative charge interferes with 
DNA encapsulation and also based on previous 
results, which indicate that the exchange rate of 
PEG-PE from liposomes is too slow (Mori et al, 
1998) presumably due to electrostatic attraction to 
the cationic lipid DODAC. Employing a neutral 
PEG-lipid circumvented these problems. Ceramide 
was chosen as the lipid anchor since the anchor 
strength can be varied by using a ceramide backbone 
with different acyl chain lengths. An increase in the 
acyl chain length of the ceramide will increase the 
hydrophobicity of the anchor resulting in a lower 
exchange rate of PEG as shown in an in vitro model 
system (Holland et al., 2000). Previously we have 
shown that the transfection potential of the SPLP 
in vitro is indeed dependent on the depletion of the 
PEG-coating. SPLP with PEG-CerCM, which has 
a long residence time in the lipid bilayer, showed 
low transfection whereas greatly improved trans- 
fection was obtained with SPLP containing 
PEG-CerCu that dissociates much more rapidly 
(Wheeler et al., 1999). 



In this study two ceramide anchors were evalu- 
ated (CerCu and CerC 2 o). The clearance of the 
SPLP is evidently related to the PEG anchor used as 
shown in Fig. 2. Circulation longevity was achieved 
with SPLPs confining PEG-CerC^ while SPLPs 
with PEG-CerCu are cleared from the blood much 
more rapidly. This is consistent with the accelerated 
exchange rate observed for the shorter PEG cer- 
amide anchor Cm compared to mat of C» l \n 
of 1 .2 hand several days, respectively (Wheeler et al., 
1999) and demonstrates the possibility of modulat- 
ing the circulation lifetime of the SPLP. The SPLPs 
are stable in the blood and protect the plasmid 
during circulation as indicated by the observed 
plasmid-to-lipid ratio of approximately J detected 
in blood samples recovered after different time 
intervals following injection for SPLP with PEG- 
CerCu and PEG-CerC^, respectively (Figs. 4(b) 
and 6(b)). The virtually complete protection of the 
plasmid in the SPLP during circulation in the blood 
is a key feature of these particles and was not 
obtained with any of the previously described lipid 
carriers. 

The SPLPs are cleared from the blood mainly by 
the liver since the accumulation in this organ of 
50% and 20% 1 h after injection for SPLP with 
PEG-CerC M and PEG-CerCzo, respectively, mir- 
rors the clearance of these particles (Table I). The 
liver accumulation values for both the PC/Choi and 
DOPE-based SPLPs with the PEG-CerCso deriva- 
tive in CD-I, BDF-1 and BDF-l-tumor-bearing 
mice are very similar to those attained previously 
with liposomes containing PEG-PE (Allen et al., 
1991; Parr et al., 1994) or GM1 (Allen and Chonn, 
1987; Gabizon and Papahadjopoulos, 1988; 1992). 
Note that there was no significant accumulation 
of any of the SPLPs in the lung as predicted for 
particles of this size. Importantly, intact plasmid 
was delivered by the SPLP to liver and spleen and 
the slow degradation observed over time is sugges- 
tive of the bioavailability of the plasmid at the site. 

Finally, the SPLPs with extended circulation 
lifetimes show significant accumulation in Lewis 
Lung Carcinoma tissue following iv administration 
and delivery of intact plasmid (6% of injected dose). 
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The lipid accumulation detected in tumor tissue 
(approximately 10% of injected dose) is similar to 
the highest levels previously reported (6-10%) for 
liposomes that exhibit comparable pharmaco- 
kinetics to the SPLP (Allen and Chonn, 1987; 
Gabizon and Papahadjopoulos, 1988; 1992; Allen 
etal, 1991; Parr etal, 1994). These data confirm 
that circulation longevity is indeed an important 
parameter for a carrier system to deliver plasmid 
successfully to tumor tissue. The accumulation of 
intact plasmid in the tumor mass is clearly sub- 
stantial, but the level of gene expression observed in 
tumor tissue was low (data not shown). However, 
the long residence times (10-24 h) of the SPLPs in 
tumor tissue following the bolus injection indicates 
that the SPLPs did extravasate into the interstitial 
space of the tumor and are available for uptake by 
tumor cells. The accelerated decrease of intact plas- 
mid in the tumor tissue as compared to the lipid 
indicates processing of the SPLPs in the tumor tissue 
and bioavailability of the plasmid. The released 
plasmid is broken down faster by nucleases than 
the lipid marker is metabolized Most likely, the 
SPLPs are taken up preferentially by phagocytic 
host-cells and macrophages. Incorporation of 
ligands into the SPLP for specific and increased 
uptake by tumor cells might be required. 

In summary, the SPLP described here fulfill the 
first three requirements for a plasmid delivery 
system outlined earlier. We have demonstrated 
delivery of intact plasmid to a distal tumor site with 
a lipid based carrier system following systemic 
administration. The plasmid is encapsulated inside 
a lipid bilayer and therefore folly protected from 
degradation. The dissociable polymer coating of the 
SPLPs. allows the particles to avoid the clearance by 
the RES leading to accumulation in tumor tissue. 
The delivery of intact plasmid into tumor tissue 
represents the first step in the development of an 
efficient gene carrier system with application in 
cancer gene therapy. Presently, the cellular uptake 
of the carrier at the disease site, identification of cell 
types and the fate of the plasmid are evaluated as 
critical steps towards the final goal, the efficient 
expression of a desired gene. 
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